AD-A218  211 


DTIC  riE  copi 


I - 

ANNUAL  REPORT 


Growth,  Characterization  and  Device 
Development  in  Monocrystalline 
Diamond  Films 


I  Supported  under  Contract  #N00014-86-K-0666 

for  the  period  June  1, 1988  —  May  31, 1989 


DTIC 


College  of  Engineering 
North  Carolina  State  University 
Raleigh,  North  Carolina 


DISTROimON  STATEMENT  X 


O’ minuted 


* 


90  02  16  107 


REPORT  DOCUMENTATION  PAGE 


form  Approved 
OMB  No  0704-0188 


'roocY'"?  au<de*  *Qf  t*vs  o»'«ctic*  :f  **V'—  9t*o«  <\  o*r  •soo r\e  rcxOi-g  :m»  r**»*  ♦<}'  ir»$tructtc"l  .ejrtn.ng  **'*ti"9  3KI  source*, 

gathering  jr»d  t**  d«t*  n«*d«.  »~a  -^oi«»wg  ma  a  *r*  iiiect.c*'  7<  >r*a  ;  ;r-i«nfnt*  '•g»roing  »»»n  burden  ;r  to*  ;th*r  «soea  of  !**•» 

COfftCftOA  of  tntormtvo*.  deluding  SuggWV"*  *-V  •duiirg  th»s  9m' 0*"  •;  ,V^.r*5*o«  *»*4Qu*r'»'\  >'.*'•$  ZiffCTOM’t  f0'  n‘}"T»BT'0«  Qo^'A'iop*  *^d  ••0CM».  1215 
0*vn  Su*t« ’2C4  Arlington. -a  22202  J 102  mo  to  l**»  0M*  •  s*  mdSwdj**  a-*o«f  *»;r«  “•du—icn  p'C)*'t  '0  ?C4-<)  *88)  Awm^cn.  3>C  2C50J 


1.  AGENCY  USE  ONLY  ((.*«*«  OMnfcl 


4.  TITLE  AND  SUBTITLE 


2.  REPORT  OATE 

February,  1990 


J.  REPORT  TYPE  AND  OATES  COVERED 

Annual  6/1/88-5/31/89 


S.  FUNDING  NUMBERS 


Growth,  Characterization  and  Device  Development 
in  Monocrystalline  Diamond  Films 


S.  AUTHOR(S) 

R.  F.  Davis,  J.  T.  Glass,  K.  J.  Bachmann, 
R.  J.  Trew,  and  R.  J.  Nemanich 


7.  PERFORMING  ORGANIZATION  NAME(S)  AND  AOOR£SS<ES) 

NORTH  CAROLINA  STATE  UNIVERSITY 
c/o  Materials  Science  and  Engineering 
Box  7907 

Raleigh,  NC  27695-7907 


9.  SPONSORING /MONITORING  AGENCY  NAME(S)  AND  AODRESS(ES) 

Sponsoring  Agency:  SDIO,  1st,  Washington,  DC 
Monitoring  Agency:  Office  of  Naval  Research, 
Code  1114,  Arlington,  VA  22217 


6322  OC 
1ST 
SRR 
003 


8.  PERFORMING  ORGANIZATION 
REPORT  NUMBER 


N00014-86-K-0666 


10.  SPONSORING /MONITORING 
AGENCY  REPORT  NUMBER 


124.  DISTRIBUTION /AVAILABILITY  STATEMENT 


12b.  DISTRIBUTION  CODE 


Approved  for  public  release;  distribution 
unlimited 


14.  SUBJECT  TERMS 

/\ 

17.  SECURITY  CLASSIFICATION 

OF  REPORT 

Unclassified 

18  SECURITY  CLASSIFICATION 

OF  THIS  PAGE 

Unclassified 

19.  SECURITY  CLASSIFICATION 
OF  ABSTRACT 

Unclassified 

NSN  7540-01 -280-5500 


IS.  NUMBER  OF  PAGES 

140 


18.  PRICE  CODE 


20.  LIMITATION  OF  ABSTRACT 


0'«Kc'<b*d  ov  4*1^  i<d 

Mil  ’02 


Table  of  Contents 


I.  Introduction 

II.  Characterization  of  diamond  thin  films:  diamond  phase  1 

identification,  surface  morphology,  and  defect  structures 

HI.  Surface  analysis  of  diamond  nucleation  on  silicon  and  13 

electron  microscopy  of  the  diamond /silicon  interface 

IV.  Electron  microscopy  of  vapor  phase  deposited  diamond  27 

V.  Precursor  structures  in  the  formation  of  diamond  films  61 

VI.  Bias  controlled  chemical  vapor  deposition  of  diamond  thin  film  65 

VII.  Electrical  properties  of  B  doped  CVD  grown  polycrystalline  75 

diamond  films 

VIII.  Diamond  electronic  devices  for  microwave  and  MM/wave  87 

applications 

IX.  Collaboration  with  other  SDIO  programs  127 

X.  Acknowledgements  129 

XI.  Distribution  List  131 


I.  Introduction 


Diamond  is  an  excellent  candidate  material  for  various  electronic  microwave 
devices  as  well  as  devices  for  use  in  high  temperature  and/or  high  flux  radiation 
environments  and  for  high  current  density  or  high  power  applications.  This  very 
diverse  applicability  is  due  to  its  superior  thermal  conductivity,  saturated  drift 
velocities,  resistance  to  chemical  attack  and  thermal  stability.  However,  to  realize 
this  potential  of  diamond,  high  quality  monocrystalline  films  must  be  grown  and 
thoroughly  characterized.  The  latter  research  is  necessary  as  an  iterative  procedure 
for  the  improvement  of  the  growth  process  and  to  guide  future  device  design  and 
fabrication.  To  achieve  these  goals,  the  NCSU  diamond  program  couples 
investigators  from  four  departments  to  obtain  a  unique  combination  of  expertise 
and  experience. 

More  specifically,  the  principal  objectives  of  this  collaborative  research  are  to  (1) 
grow  monocrystalline  diamond  films  on  suitable  substrates  such  as  Ni  and  SiC 
using  both  past  and  newly  generated  knowledge  regarding  gas  species  generation, 
deposition  and  reaction,  and  energy  and  momentum  transfer  at  the  growing  surface, 

(2)  characterize  these  films  in  terms  of  bonding,  structural  and  electrical  character, 

(3)  model  and  fabricate  device  structures  from  these  films  and  (4)  work  in  a 
collaborative  manner  with  personnel  in  other  SDIO/ONR  programs  in  their 
diamond  research. 

This  report  is  comprised  of  several  papers  which  have  been  published  or 
submitted  for  publication  during  the  past  year.  These  manuscripts  discuss  the  most 
important  progress  during  this  period.  A  summary  of  each  of  these  is  given  below: 


Characterization  of  diamond  thin  films:  diamond  phase  identification,  surface 
morphology,  and  defect  structures 

Several  conclusions  have  been  drawn  from  the  present  research:  (i)  Films  grown 
from  a  methane /hydrogen  gas  mixture  by  microwave  plasma  enhanced  CVD  were 
determined  to  be  comprised  almost  entirely  of  diamond  in  terms  of  composition, 
structure,  and  bonding,  (ii)  The  surface  morphology  of  the  diamond  films  has  been 
observed  to  be  a  function  of  position  on  the  sample  surface  and  methane 
concentration  in  the  feedgas.  That  is,  well-faceted  diamond  crystals  were  observed 
near  the  center  of  the  sample  whereas  an  apparently  non-faceted  cauliflower  texture 
was  found  very  close  to  the  sample  edges,  presumably  due  to  temperature 
variations.  Regarding  the  methane  concentration  dependence,  for  0.3%  CH4  in  H2, 
threefold  {111}  facets  were  dominant,  while  at  1.0%  and  2.0%  CH4  in  H2  fourfold 
{100}  facets  were  dominant,  (iii)  A  high  defect  density  within  individual  diamond 
crystals  was  observed.  The  defects  observed  include  {111}  type  twins,  {111}  stacking 
faults,  dislocations,  and  grain  boundaries,  (iv)  XTEM  of  a  diamond  film  grown  at 
0.3%  CH4  has  revealed  a  50  A  epitaxial  layer  of  fi-SiC  at  the  diamond-silicon 
interface.  However,  no  evidence  for  any  buffer  layer  of  p-SiC  was  observed  on  a 
diamond  film  grown  at  2.0%  CH4.  (v)  Local  regions  of  "twinned  epitaxy"  have  been 
observed  in  the  films,  indicating  that  the  substrate  orientation  does  appear  to  play  a 
role  in  the  growth  of  some  of  the  diamond  grains. 


Surface  analysis  of  diamond  nucleation  on  silicon  and  electron  microscopy  of  the 
diamond/silicon  interface 

Diamond  films  grown  by  microwave  plasma  CVD  have  been  examined  by  AES, 
XPS  and  TEM.  The  surface  analysis  of  a  series  of  samples  grown  for  various  times 
indicated  that  a  detectable  SiC  layer  forms  within  the  first  five  minutes  of  growth. 
Diamond  then  slowly  begins  to  become  detectable  until,  after  two  hours  of  growth, 
the  SiC  is  no  longer  observed.  In  cross  sectional  electron  microscopy,  the  presence  of 
an  epitaxial  SiC  layer  was  observed  for  samples  grown  with  a  low  CH4 
concentration.  However,  contrary  to  the  surface  analysis  results,  such  a  layer  was  not 
observed  in  the  samples  grown  with  higher  CH4  concentrations.  This  is  believed  to 
be  due  to  the  very  thin  nature  of  the  SiC  layer  in  this  case,  probably  caused  by  the 
diamond  film  "capping"  the  substrate  more  quickly  and  thus  preventing  further 
carburization. 


Electron  microscopy  of  vapor  phase  deposited  diamond 

High  resolution  electron  microscopy  (HREM)  has  been  utilized  to  lattice  image 
individual  defects  in  polycrystalline  diamond  films.  Numerous  twins  and  stacking 
faults  were  observed,  including  their  intersections.  Five  fold  multiply  twinned 
particles  have  been  observed  and  it  was  found  that  the  7.5°  misfit  present  in  such 
particles  has  been  accommodated  at  the  twin  boundaries  rather  than  by  elastic 
deformation.  This  creates  a  twin  boundary  coincident  with  a  low  angle  grain 
boundary  which  has  been  termed  a  "tilted  twin  boundary."  The  density  of  defects  in 
these  particles  is  generally  high;  however,  a  dramatic  reduction  in  the  defect  density 
near  the  twin  boundaries  was  observed.  This  defect  reduction  is  significant  because 
if  its  origin  can  be  determined,  this  information  may  be  useful  in  producing  higher 
quality  diamond  films. 


Precursor  structures  in  the  formation  of  diamond  films 

The  carbon  bonding  configurations  of  films  prepared  by  plasma  excited 
deposition  of  methane  diluted  with  hydrogen  are  examined  by  Raman  spectroscopy. 
In  the  limits  of  methane  concentrations  less  than  1%  of  the  films  show 
predominant  diamond  character  while  for  methane  concentrations  greater  than  3%, 
Raman  spectra  are  similar  to  those  of  microcrystalline  or  disordered  graphite.  At 
concentration  of  2%,  near  the  onset  of  diamond  formation,  a  new  feature  is  detected 
which  exhibits  a  frequency  similar  to  that  expected  for  amorphous  or 
microcrystalline  diamond. 


Bias  controlled  chemical  vapor  deposition  of  diamond  thin  film 

The  growth  of  diamond  films  on  (001)  Si  substrates  by  bias  controlled  chemical 
vapor  deposition  is  described.  The  film  quality  as  judged  by  Raman  spectroscopy  and 
scanning  electron  microscopy  depends  strongly  on  the  biasing  conditions.  Under 
low  current  reverse  bias  conditions,  highly  facetted  cubooctahedral  diamond  growth 


i  i  i 


exhibiting  a  single  sharp  Raman  line  at  1332  cm-1  was  obtained,  while  biasing  in 
high  current  conditions  which  created  a  plasma  resulted  in  multiply  twinned, 
microcrystalline  growth  incorporating  sp2  bonded  carbon  into  the  diamond  film. 


Electrical  Properties  of  B  Doped  CVD  Grown  Polycrystalline  Diamond  Films 

B  doped  diamond  films  were  synthesized  by  microwave  plasma  CVD,  and  the 
crystal  quality  and  the  electrical  properties  were  investigated.  From  SEM,  clear  facets 
were  observed  and  X-ray  diffraction  data  showed  that  only  the  diamond  phase  was 
present.  Raman  spectroscopy  verified  the  presence  of  diamond  and  indicated  that 
the  crystal  quality  increased  when  B  is  incorporated  in  the  films  up  to  400  ppm. 
SIMS  analysis  showed  that  on  the  order  of  1020/cm3  (564  ppm)  of  B  was  incorporated 
in  the  diamond  films  with  a  gas  phase  B/C  ratio  of  400  ppm.  Electrode  patterns  of  Pt 
were  fabricated  on  the  films  and  electrical  properties  were  investigated.  Undoped 
diamond  films  showed  rectifying  contacts  with  small  leakage  currents  and  B  doped 
diamond  films  with  a  B  concentration  of  400  ppm  showed  ohmic  behavior.  The  B  in 
these  films  had  small  activation  energies,  which  indicates  that  impurity  band 
conduction  plays  an  important  role. 


Diamond  Electronic  Devices  for  Microwave  and  MM/wave  applications 

Diamond  IMPATTS  show  power  conversion  efficiency  similar  to  that  of 
conventional  semiconductors  (Si  and  GaAs)  from  35  through  94  GHZ. 

Due  to  the  higher  breakdown  voltages  and  thermal  conductivity,  diamond 
IMPATTs  are  able  to  produce  greater  power  than  other  semiconductors  at  the  same 
frequency. 

Large-signal  computer  simulations  show  that  diamond  IMPATTs  can  operate  at 
35  GHZ  with  8.26  W,  at  60  GHz  producing  3.40  W,  at  94  GHz  producing  1.51  W,  and 
at  220  GHz  producing  54  mW  of  power. 

The  optimized  design  of  uniform  doped  p-channel  X-band  diamond  power 
MESFET  has  been  investigated. 

A  p-channel  diamond  MESFET  offers  the  potential  to  produce  devices  with  RF 
output  power  greater  than  10  W/mm  gate  width  (or  18  W/unit  gate  width)  with 
greater  than  40%  power-added  efficiency  at  10  GHz. 

The  high  thermal  conductivity  of  diamond  allows  high  RF  output  power  before 
thermal  effects  occur. 

The  high  breakdown  voltage  of  diamond  allows  large  input  RF  voltages  to  be 
applied  before  saturation  occurs. 

The  large-signal  performance  of  a  p-channel  diamond  power  MESFET  has  been 
compared  to  an  n-channel  GaAs  MESFET  at  10  GHz. 


VI 


Various  designs  of  p-channel  diamond  devices  have  been  investigated  for  a 
range  of  frequency  10  GHz  - 100  GHz. 

N-channel  diamond  MESFETs  have  improved  RF  performance  compared  to 
comparable  p-channel  MESFETs.  A  comparison  at  60  GHz  has  been  presented. 


Collaboration  with  Other  SDIO  programs 

For  the  most  effective  use  of  SDIO/IST  funds  cooperation  and  collaboration  of 
SDIO  contractors  is  very  desirable.  NCSU  has  a  significant  history  of  past 
collaboration  with  other  diamond  programs  and  will  continue  this  spirit  in  the 
future. 
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Characterization  of  diamond  thin  films:  Diamond  phase 
identification,  surface  morphology,  and  defect  structures 

B  E.  Williams  and  J.T.  Glass 

Deportment  of  Materials  Science  and  Engineering,  North  Carolina  State  University,  Raleigh,  North 
Carolina  27695-7907 

(Received  II  August  1988;  accepted  19  October  1988) 

Thin  carbon  films  grown  from  a  low  pressure  methane-hydrogen  gas  mixture  by  microwave 
plasma  enhanced  CVD  have  been  examined  by  Auger  electron  spectroscopy,  secondary  ion 
mass  spectrometry,  electron  and  x-ray  diffraction,  electron  energy  loss  spectroscopy,  and 
electron  microscopy.  They  were  determined  to  be  similar  to  natural  diamond  in  terms  of 
composition,  structure,  and  bonding.  The  surface  morphology  of  the  diamond  films  was  a 
function  of  position  on  the  sample  surface  and  the  methane  concentration  in  the  feedgas. 
Well-faceted  diamond  crystals  were  observed  near  the  center  of  the  sample  whereas  a  less 
faceted,  cauliflower  texture  was  observed  near  the  edge  of  the  sample,  presumably  due  to 
variations  in  temperature  across  the  surface  of  the  sample.  Regarding  methane  concentration 
effects,  threefold  {111}  faceted  diamond  crystals  were  predominant  on  a  film  grown  at  0.3% 
CH4  in  H2  while  fourfold  {100}  facets  were  observed  on  films  grown  in  1.0%  and  2.0%  CH4 
in  H2.  Transmission  electron  microscopy  of  the  diamond  films  has  shown  that  the  majority  of 
diamond  crystals  have  a  very  high  defect  density  comprised  of  {111}  twins,  {111}  stacking 
faults,  and  dislocations.  In  addition,  cross-sectional  TEM  has  revealed  a  50  A  epitaxial  layer 
of  /3-SiC  at  the  diamond-silicon  interface  of  a  film  grown  with  0.3%  CH4  in  H2  while  no 
such  layer  was  observed  on  a  diamond  film  grown  in  2.0%  CH4  in  H2. 


I.  INTRODUCTION 

Diamond  is  an  excellent  candidate  material  for  use  in 
both  electronic  and  wear  resistant  coating  applications  due 
to  its  exceptional  hardness,  strength,  thermal  conductivity, 
electron  saturated  drift  velocity,  hole  and  electron  mobili¬ 
ties,  chemical  and  thermal  stability,  radiation  hardness, 
and  optical  transmission.1'3  Electronic  devices  of  particu¬ 
lar  interest  include  high  power/high  frequency  devices 
and  devices  to  be  utilized  in  high  temperature,  chemically 
harsh,  and/or  high  radiation  flux  environments.  Recent  de¬ 
velopments  in  the  growth  of  diamond  films  from  low  pres¬ 
sure  (i.e.,  less  than  one  atmosphere)  gases  have  made  the 
fabrication  of  such  devices  a  real  possibility,  particularly 
since  it  has  been  shown  that  epitaxial  diamond  films  can 
be  ?rown  on  diamond  substrates. 4-9  However,  for  diamond 
to  reach  its  true  potential,  high  quality  monocrystalline 
films  must  be  grown  on  economically  viable,  non-diamond 
substrates.  Judging  from  various  previous  investigations, 
this  is  a  formidable  task  since  numerous  experiments  have 
yielded  only  highly  defective,  polycrystalline  films  to  date. 
Therefore,  to  achieve  high  quality,  monocrystalline  films, 
we  must  gain  a  greater  understanding  of  the  nucleation  and 
growth  of  diamond  by  thoroughly  characterizing  the  films 
achieved  to  date.  The  information  obtained  from  this  char¬ 
acterization  can  then  be  fed  back  to  the  growth  of  these 
films  to  improve  film  quality  and  properties. 

Diamond  films  have  now  been  grown  on  various  sub¬ 
strates  (i.e.,  Si,  SiOj,  AI2Oj,  0-SiC,  ar-SiC,  Cu,  Mo,  W, 
WC,  and  Ni)  by  several  different  methods  including  hot 
filament  enhanced  chemical  vapor  deposition  (CVD),™'12 


RF  plasma  enhanced  CVD,13  and  microwave  plasma  en¬ 
hanced  CVD.14*21  Scanning  electron  microscopy  (SEM) 
has  been  utilized  most  extensively  in  order  to  examine  sur¬ 
face  morphology. ,0"21  Raman  spectroscopy  has  also  been 
used  in  numerous  investigations12 ,4I5I,'20  22‘23  to  determine 
if  diamond  bonding  was  present.  Reflection  high  energy 
electron  diffraction  and  x-ray  diffraction  (XRD)  have 
been  used  principally  for  comparing  the  lattice  spacings 
of  the  diamond  films  with  those  reported  for  natural  dia¬ 
mond.  'O''2-14’17-1'  More  recently,  transmission  electron  mi¬ 
croscopy  (TEM)  has  also  been  used  in  an  initial  study  of 
defect  structures  in  the  film  and  the  nucleation  of  diamond 
particles. n’24'25 

For  the  research  presented  here,  several  different  tech¬ 
niques  have  been  utilized  to  thoroughly  characterize  dia¬ 
mond  films  grown  by  microwave  plasma  enhanced  CVD 
in  terms  of  the  following:  (i)  elemental  composition,  struc¬ 
ture,  and  bonding,  (ii)  surface  morphology,  and  (iii)  defect 
structures.  Secondary  ion  mass  spectrometry  (SIMS)  and 
Auger  electron  spectroscopy  (AES)  were  used  to  determine 
the  elemental  composition  of  the  film.  Transmission  elec¬ 
tron  diffraction  and  XRD  allowed  the  determination  of 
crystal  structure  and  lattice  spacing.  AES  was  also  used  to 
examine  the  type  of  bonding  ( sp 2  vs  jp3)  present  at  the 
surface  of  the  film.  Also,  localized  bonding  in  the  bulk 
film  was  observed  in  the  TEM  via  electron  energy  loss 
spectroscopy  (EELS).  SEM  was  utilized  to  examine  the 
surface  morphology  of  the  diamond  films.  TEM  was  also 
utilized  to  observe  the  defect  microstructure  within  single 
crystals  in  the  films,  to  look  for  evidence  of  epitaxial 
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growth,  and  to  examine  the  interface  between  the  film  and 
the  substrate. 

II.  EXPERIMENTAL 

A  schematic  diagram  of  the  microwave  plasma  en¬ 
hanced  CVD  system  used  to  grow  the  diamond  films  in 
this  research  is  shown  in  Fig.  I.26  The  microwaves  from  a 
2.45  GHz  power  supply  were  guided  via  a  rectangular 
waveguide  through  an  isolator  and  a  three-stub  tuner  to  a 
44  mm  inner  diameter  quartz  tube  reaction  chamber.  The 
substrate  was  placed  in  the  quartz  tube  which  was  in  the 
path  of  the  rectangular  waveguide.  The  substrate  tempera¬ 
ture  depended  strongly  on  the  microwave  power  and  the 
gas  pressure  since  microwave  induction  heating  and  plasma- 
substrate  interactions  were  responsible  for  substrate  heat¬ 
ing  (no  independent  substrate  heater  was  utilized). 

The  diamond  films  analyzed  in  this  research  were 
grown  on  2  cm  by  1  cm  n-type  Si(lll)  substrates  im¬ 
mersed  in  the  CH4/H2  plasma  created  by  the  2.45  GHz 
microwave  source.  The  substrate  temperature  as  measured 
by  an  optical  pyrometer  was  maintained  at  approximately 
800  °C  by  controlling  the  microwave  power  (which  was 
typically  300-350  watts).  No  corrections  were  made  for 
emissivity  changes  or  for  the  quartz  window;  therefore, 
this  temperature  is  an  approximation.  The  total  pressure 
in  the  chamber  was  maintained  at  30  Tort,  and  only  the 
CH4/H2  ratio  in  the  feedgas  was  varied  for  the  films  stud¬ 
ied  in  this  work  (between  0.3  and  2.0%  CH4  in  H2). 

Prior  to  growth,  the  commercially  polished  silicon 
substrates  were  scratched  with  0.25  gm  diamond  paste  for 
one  hour  in  order  to  increase  the  nucleation  density  of  tne 
diamond  particles  which  make  up  the  film.  The  substrates 


FIG.  t.  Schematic  diagram  of  microwave  plasma  CVD  system  used  for 
the  deposition  of  diamond  films. 


were  then  ultrasonically  cleaned  in  acetone,  ethanol,  and 
distilled  water.  Following  growth,  AES,  SIMS,  XRt),  and 
SEM  were  performed  without  cleaning  or  coating  after  re¬ 
moval  from  the  growth  chamber. 

For  the  TEM  study,  both  plan-view  and  cross-sectional 
specimens  were  prepared.  For  plan-view  TEM,  2.5  x 
2.5  mm  sections  were  cut  from  the  as-grown  sample  with 
a  diamond  saw.  The  substrate  was  then  thinned  with  600  grit 
SiC  paper  to  a  thickness  of  65  gm  and  subsequently  pol¬ 
ished  with  0.3  /xm  Al203  suspended  in  water.  This  pol¬ 
ished  side  was  then  dimpled  with  a  steel  ball  coated  with 
1  fim  diamond  paste  until  the  sample  was  less  than  10  /xm 
thick  at  the  center  of  the  crater.  After  affixing  this  sample 
to  a  3  mm  diameter  Ta  support  ring,  ion  milling  from  the 
substrate  side  with  6  kV  Ar+  was  used  to  thin  the  sample 
until  perforation  occurred.  Cross-sectional  TEM  (XTEM) 
samples  were  prepared  in  a  similar  manner.  In  this  case, 
sections  were  obtained  by  cutting  perpendicular  to  the 
plane  of  the  film  after  gluing  the  substrate  to  silicon  buffer 
layers  to  form  a  sandwich.  Thinning  of  the  sample  was 
achieved  as  described  for  plan-view  TEM  samples,  and  the 
dimpling  crater  was  carefully  aligned  to  ensure  that  perfo¬ 
ration  of  the  specimen  during  ion  milling  occurred  very 
near  the  diamond  film. 

III.  VERIFICATION  OF  THE  DIAMOND  PHASE 

Verification  of  the  diamond  phase  constitutes  a  sub¬ 
stantial  fraction  of  the  present  manuscript  due  to  the  rela¬ 
tively  “young"  nature  of  this  area  of  low  pressure,  gas 
phase  diamond  synthesis,  and  the  associated  skepticism  re¬ 
garding  the  achievement  of  true  diamond.  Therefore,  the 
films  grown  in  this  study  were  evaluated  in  terms  of  their 
composition,  structure,  and  bonding  via  several  character¬ 
ization  techniques  in  order  to  verify  that  true  diamond  (as 
opposed  to  “diamond-like"  material)  had  actually  been  ob¬ 
tained.  By  evaluating  the  films  in  this  manner,  the  proper¬ 
ties  of  this  CVD  diamond  can  be  compared  to  those  of 
natural  diamond  or  conventional  high  pressure  synthesized 
diamond.  Such  an  evaluation  can  also  aid  in  determining  if 
graphite  or  amorphous  carbon  has  been  incorporated  in 
significant  quantities  into  the  diamond  film.  This  is  impor¬ 
tant  since  the  conucleation  of  these  phases  with  diamond  is 
a  severe  problem  if  such  parameters  as  temperature,  pres¬ 
sure,  and  methane  concentration  are  not  optimized  during 
the  growth  process. 

A.  Composition 

The  composition  of  the  films  examined  in  this  re¬ 
search  was  evaluated  via  AES  utilizing  a  JEOL  JAMP 
30  Auger  microprobe  and  via  SIMS  utilizing  a  Cameca 
IMS  3/  direct  imaging  microprobe.  AES  indicated  that 
the  surface  of  the  film  was  composed  of  88%  C,  5.5%  Si, 
and  6.5%  O,  as  shown  in  Fig.  2(a).  (Quantification  of 
these  impurities  was  obtained  by  measuring  the  peak- 
to-peak  heights  of  the  differentiated  spectra  and  applying 
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(b) 

FIG.  2.  (•)  Broad  Auger  spectrum  of  diamond  film  before  argon  sputter¬ 
ing.  showing  the  presence  of  Si  and  O  on  the  surface,  (b)  Broad  Auger 
spectrum  of  diamond  film  after  argon  sputtering,  showing  the  absence  of 
Si  and  O  in  the  bulk  of  the  film. 

known  sensitivity  factors.27)  Furthermore,  the  location 
of  the  Si  peak  energy  at  84  eV  indicates  that  it  is  bound 
to  the  oxygen.  If  the  silicon  were  bound  to  carbon  or  in 
an  elemental  state,  the  peak  energy  would  be  shifted  to 
~94  eV.27  Therefore,  an  oxide  of  silicon  is  present  on  the 
surface  of  the  as-grown  film.  However,  after  argon  sputter¬ 
ing  for  —30  s  at  3  kV  and  30  mA,  it  was  found  that  the 
only  element  present  within  the  detection  limits  of  this 
technique  (—0.1%  for  most  elements”  except  H  which  is 
virtually  undetectable)  was  carbon,  as  shown  in  Fig.  2(b). 
We  speculate  that  these  surface  impurities  originated  from 
the  quartz  reaction  chamber  during  shutdown  procedures 
of  the  microwave  system,  since  they  are  not  observed  in 
the  bulk  of  the  film. 

The  results  from  the  AES  are  encouraging;  however, 
they  do  not  yield  any  information  about  trace  impurities 


due  to  the  sensitivity  limitations  of  the  technique.  There¬ 
fore,  SIMS  analysis,  which  is  much  more  sensitive  than 
AES,  was  conducted  utilizing  an  oxygen  primary  beam  to 
identify  these  trace  impurities.  Molecular  Filtering  was  uti¬ 
lized  to  avoid  interference  from  molecular  as  opposed  to 
elemental  species,  and  relative  isotope  abundances  were 
used  to  identify  elements  whenever  possible.  The  films  ex¬ 
amined  were  found  to  be  composed  of  mostly  carbon  with 
various  amounts  of  H,  O,  A!,  Si,  Ca,  and  Cu  present 
throughout  the  film.  Furthermore,  chemical  maps  of  the 
Si,  O,  and  Al  indicated  they  were  segregated  in  regions  up 
to  several  microns  in  diameter. 

Unfortunately,  accurate  quantification  of  SIMS  data  is 
not  possible  without  standards.  Since  such  standards  were 
not  available  for  the  present  research,  accurate  amounts  of 
these  trace  impurities  are  not  yet  known.  However,  a  very 
rough  approximation  obtained  by  neglecting  matrix  effects 
and  utilizing  published  ion  yield  data29  indicated  that  none 
of  the  impurities  was  present  at  concentrations  greater  than 
1%,  and  all  but  the  H  and  O  were  less  than  0.1%.  (The 
higher  O  content  is  due  to  O  implantation  from  the  primary 
O-beam  utilized  in  this  study.)  This  qualitatively  correlates 
with  the  AES  data.  However,  it  should  be  pointed  out  that 
the  regions  where  impurities  were  segregated  (<5  fim)  are 
“averaged”  over  the  area  of  the  primary  beam  (—150  p.m), 
and  thus  local  concentrations  may  be  higher.  Regardless, 
none  of  these  elements  was  detected  in  the  AES  study  of 
the  film  after  sputtering. 

B.  Structure 

As  shown  in  Fig.  3,  the  structure  of  the  films  was 
confirmed  to  be  that  of  diamond  using  selected  area  dif¬ 
fraction  (SAD)  in  a  Hitachi  H-800  transmission  electron 
microscope.  A  plan-view  bright-field  TEM  image  and  the 
associated  SAD  pattern  are  seen  in  Fig.  3(a).  The  plane 
spacings  of  the  film  determined  from  this  SAD  pattern  are 
shown  in  Fig.  3(b).  These  measurements  were  calibrated 
using  the  silicon  substrate  as  a  reference.  The  reported 
ASTM  values  for  natural  diamond  are  also  shown  in  this 
figure  for  comparison.  Note  the  excellent  agreement  be¬ 
tween  the  plane  spacings  measured  for  the  film  vs  those  re¬ 
ported  for  natural  diamond.  X-ray  diffraction  was  also 
used  to  measure  plane  spacings  of  the  diamond  film,  and 
the  results  of  this  work  agree  within  experimental  error 
with  the  electron  diffraction  data. 

C.  Bonding 

Although  the  films  have  been  shown  to  be  composed 
almost  entirely  of  carbon  and  the  diamond  cubic  struc¬ 
ture  has  been  verified  in  the  films,  this  is  not  sufficient 
evidence  to  label  the  films  “diamond.”  This  is  because 
electron  and  x-ray  diffraction  which  were  used  in  this  re¬ 
search  to  identify  the  diamond  structure  are  not  sensitive  to 
small  amounts  of  amorphous  components  within  the  films. 
Furthermore,  amorphous  carbon  containing  significant  rr- 
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(a) 


Observed  Reported  (ASTM  6-675) 

hkl  d(A)  d(A) 


111 

2.060 

2.060 

220 

1.265 

1.261 

311 

1.073 

1.0754 

400 

0.896 

0.8916 

331 

0.814 

(b) 

0.8182 

FIG.  3  (a)  Bright-field  TEM  micrograph  of  a  diamond  film  with  SAD 
pattern  inset,  (b)  Interplanar  spacings  calculated  from  the  SAD  pattern  in 
(a)  with  reported  ASTM  spacings  for  natural  diamond. 

type  bonding  is  a  common  CVD  product.30"32  Therefore,  it 
must  be  shown  that  this  type  of  amorphous  material  does 
not  exist  in  significant  quantities  within  the  film.  Further- 
more,  many  of  the  unique  and  desirable  characteristics  of 
diamond  are  a  result  of  the  jp3  bonding  which  forms  the 
diamond  structure.  Therefore,  the  true  nature  of  the  bond 
type  in  the  film  must  be  determined.  This  can  be  accom¬ 
plished  by  examining  the  interband  transition  and  K-shell 
ionization  regions  of  the  electronic  structure  of  the  films 
using  AES  and  EELS,  as  described  below. 

The  AES  results  described  in  this  section  were  ob¬ 
tained  using  a  Perkin-Elmer  Physical  Electronics  electron 
gun  and  double  pass  cylindrical  mirror  analyzer.  The  beam 
voltage  used  was  1 .5  kV,  and  the  beam  current  was  kept  at 


0.5  pA  to  minimize  beam  damage.  The  samples  were  not 
pretreated  in  any  way,  and  long  exposure  to  the  atmo¬ 
sphere  had  occurred  prior  to  analysis.  The  examinations 
were  confined  roughly  to  the  center  regions  of  the  sample 
to  avoid  exciting  the  Si  substrate  exposed  at  the  edges  of 
the  sample. 

The  binding  energy  of  core  electrons  in  diamond  vs 
graphite  or  amorphous  carbon  has  been  shown  to  shift  less 
than  1  eV,36  which  is  too  small  to  observe  in  most  conven¬ 
tional  electron  spectrometer  systems  utilized  for  AES  and 
XPS.  Furthermore,  charging  of  the  substrate  during  AES 
and  XPS  is  difficult  to  assess  quantitatively  and  also  causes 
energy  shifts,  thus  adding  further  ambiguity  to  binding  en¬ 
ergy  measurements.  However,  the  AES  fine  structure  of 
the  C  KLL  peak  has  been  shown  to  be  sensitive  to  these 
three  allotropes  of  carbon  and  is  not  affected  significantly 
by  charging.37  This  is  analogous  to  fine  structure  differ¬ 
ences  which  have  been  used  to  identify  the  presence  of 
metal  carbides  vs  elemental  metal  species.38  In  the  case 
of  diamond  and  graphite,  this  fine  structure  has  been  ex¬ 
plained  by  a  band  structure  model  correlating  the  experi¬ 
mental  peaks  with  peaks  in  the  calculated  density  of  states 
in  the  respective  band  structures.  Therefore,  in  an  AES 
system  with  moderate  resolution  (~1  eV  in  the  present 
case),  the  shape  of  the  fine  structure  on  the  low  energy 
side  of  the  carbon  KLL  peak  can  be  used  to  distinguish 
among  diamond,  graphite,  and  amorphous  carbon,  as 
shown  below. 

Differentiated  carbon  KLL  Auger  spectra  are  shown  in 
Fig.  4.  Figure  4(a)  illustrates  the  C  KLL  fine  structure  for 
a  typical  CVD  film.  Inset  in  this  figure  are  the  spectra  for 
natural  diamond,  graphite,  and  amorphous  carbon  from 
Lurie  and  Wilson.37  It  can  be  seen  that  diamond,  which 
contains  only  jp3  bonds,  yields  a  very  different  fine  struc¬ 
ture  from  graphite  and  amorphous  carbon  which  both  con¬ 
tain  sp2  bonding.  Direct  comparison  of  these  spectra  with 
the  spectrum  obtained  from  the  films  analyzed  in  the  pres¬ 
ent  study  reveals  that  the  diamond  film  yields  a  fine  struc¬ 
ture  very  similar  to  natural  diamond.  That  is,  the  intensity 
of  the  fine  structure  peak  closest  to  the  primary  C  KLL 
peak  is  greater  than  the  peak  located  at  a  slightly  lower 
energy.  The  situation  is  reversed  for  graphite,  as  seen 
by  Lurie  and  Wilson’s  results  in  the  inset  as  well  as  by 
a  pyrolytic  graphite  sample  examined  in  the  present  re¬ 
search  and  shown  in  Fig.  4(b).  Amorphous  carbon  yields  a 
"smeared"  fine  structure  relative  to  diamond  and  graphite, 
as  also  shown  in  the  inset.  Therefore,  it  appears  that  the 
surface  of  this  film  is  composed  of  diamond  (sp3)  type 
bonding.  It  should  be  noted  that  the  sensitivity  of  this  tech¬ 
nique  (i.e. .  the  concentration  of  sp2  bonding  which  is  nec¬ 
essary  before  it  will  be  detected)  is  not  currently  known, 
but  research  of  known  concentrations  of  graphite  in  dia¬ 
mond  is  underway  to  attempt  to  determine  its  sensitivity. 

An  interesting  change  in  the  surface  bonding  was  ob¬ 
served  after  argon  sputtering.  This  is  significant  because 
argon  sputtering  is  commonly  used  for  substrate  cleaning 
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prior  to  CVD  deposition  of  many  materials.  Figure  4(c)  is 
an  energy  scan  taken  about  the  C  KLL  peak  after  sputter¬ 
ing  for  only  30  s  with  a  rastered  (9x9  mm2)  Ar+  beam 
of  relatively  low  accelerating  voltage  and  beam  current 
(V  =  1.5  kV,  /  =  2.5  fiA,).  Comparison  of  this  spectrum 
to  that  shown  for  graphite  in  Fig.  4(b)  reveals  that  the  ar¬ 
gon  sputtering  has  caused  the  shape  of  the  AES  fine  struc¬ 
ture  to  appear  more  graphitic.  That  is,  the  lower  energy 
peak  intensity  is  much  greater  than  the  intensity  of  the 
peak  closest  to  the  major  carbon  peak,  which  is  reversed 
from  what  was  observed  for  diamond.  This  is  an  indication 
that  the  argon  sputtering  has  increased  the  sp1  bonding 
component  at  the  surface  of  the  Film.  Research  is  ongoing 
to  determine  the  depth  of  this  damage  after  sputtering  and 
to  determine  if  subsequent  annealing  of  this  surface  in  hy¬ 
drogen  can  revert  the  surface  to  its  original  diamond  state. 


FIG.  4.  (a)  Auger  spectrum  about  the  C  KLL  energy,  showing  Fine  struc¬ 
ture  of  diamond  film  with  inset  spectra  from  Lurie  and  Wilson.”  (b)  Auger 
spectrum  about  the  C  KLL  energy,  showing  fine  structure  obtained  on  py¬ 
rolytic  graphite  in  this  research,  (c)  Auger  spectrum  about  the  C  KLL 
energy,  showing  fine  structure  of  a  diamond  film  after  sputtering  for  30  s 
with  a  rastered  (9x9  mm)  Ar*  beam  (V  =  1.5  kV,  /  =  2  5  jxA). 


In  order  to  verify  the  conclusion  presented  above  that 
the  film  is  composed  of  diamond-type  bonding  and  to  de¬ 
termine  that  this  bonding  is  present  not  only  at  the  surface 
but  also  in  the  bulk  of  the  film,  EELS  in  the  transmis¬ 
sion  mode  was  conducted  on  a  Philips  400  TEM  equipped 
with  a  field  emission  gun  and  Gatan  electron  spectrometer. 
The  accelerating  voltage  used  in  these  measurements  was 
100  kV.  Energy  losses  due  to  excitation  of  core  level  elec¬ 
trons  (K-shell  ionization)  which  appear  at  higher  energies 
in  the  EELS  spectrum  can  be  used  to  identify  different 
phases  of  carbon  because  the  position  and  shape  of  this  re¬ 
gion  of  the  spectrum  is  strongly  dependent  on  the  type  of 
bonding  present.  The  energy  loss  spectrum  obtained  from 
the  diamond  Film  about  the  carbon  K-edge  is  shown  in 
Fig.  5.  The  reference  spectra39  inset  in  this  Figure  illustrate 
two  important  features  in  terms  of  identifying  the  diamond 
phase.  First,  the  energy  of  the  carbon  K-edge  in  the  dia¬ 
mond  Film  (measured  at  one-third  of  the  peak  height  of  the 
absorption  edge)  is  at  291  eV,  which  is  characteristic  of 
natural  diamond.  This  is  significant  because  the  K-edge 
energies  for  natural  diamond,  graphite,  and  amorphous 
carbon  are  approximately  291,  286,  and  284  eV,  respec¬ 
tively.  Second,  the  shape  of  the  K-shell  ionization  region 
for  the  spectrum  obtained  on  the  diamond  Film  in  Fig.  5 
is  characteristic  of  that  of  diamond.  That  is,  no  peak 
is  observed  below  291  eV,  and  an  additional  peak  is  ob¬ 
served  at  higher  energies.  Therefore,  the  film  has  been 
shown  to  contain  diamond,  spy  type  bonding  by  both 
EELS  8nd  AES. 
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Energy  Loss  (eV) 

FIG  5  EELS  spectrum  near  the  K-shell  ionization  energy  from  a  single 
diamond  grain  in  the  Philips  400  TEM  with  reference  spectra  obtained 
from  amorphous  carbon,  graphite,  and  diamond  by  Egerton”  inset. 

It  should  be  noted  that  Raman  spectroscopy  was  also 
performed  on  these  samples  to  verify  the  presence  of  dia¬ 
mond  bonding  and  is  the  subject  of  separate  publications.”  23 
It  is  sufficient  to  say  here  that  a  diamond  1332  cm'1  Raman 
peak  was  observed  for  these  samples,  thus  verifying  the 
presence  of  diamond  bonding.  For  the  samples  grown  with 
higher  methane  concentrations,  especially  2.0%,  other  peaks 
indicating  amorphous  C  and  microcrystalline  graphite  im¬ 
purities  were  also  observed.  Due  to  the  large  difference  in 
scattering  cross  sections  between  diamond  and  graphite,40 
this  may  or  may  not  indicate  a  significant  sp}  bonding 
component.  Unfortunately,  as  in  the  case  of  AES  and  EELS, 
experimental  correlation  between  Raman  peak  intensity 
and  percentage  of  non-diamond  component  in  a  film  has 
not  yet  been  accomplished.  For  more  details  on  the  Raman 
analysis  of  these  and  other  samples,  the  reader  should  con¬ 
sult  Refs.  12,  14,  15,  19,  20,  22,  23,  40,  and  41. 

In  summary  of  Sec.  Ill,  the  films  grown  from  a 
methane/hydrogen  gas  mixture  by  microwave  plasma  en¬ 
hanced  CVD  have  been  examined  in  terms  of  composition, 
structure,  and  bonding.  They  were  found  to  be  composed 
almost  entirely  of  carbon  except  at  the  surface  where  sig¬ 
nificant  amounts  of  silicon  and  oxygen  were  present.  Both 
the  structure  and  bonding  in  the  films  were  identical  to 
those  found  in  natural  diamond  within  the  resolution  of  the 
techniques  employed.  Therefore,  it  has  been  demonstrated 
that  the  films  are  comprised  of  the  diamond  phase.  Future 
research  will  be  directed  to  determining  the  amount  of  sp1 
bonding  which  may  be  present  as  an  impurity. 

IV.  SURFACE  MORPHOLOGY  AND  DEFECT 
STRUCTURES 

Scanning  electron  microscopy  was  utilized  to  examine 
the  surface  morphology  of  the  samples.  In  general,  a 


highly  faceted,  polycrystalline  film  was  observed,  as  illus¬ 
trated  by  Fig.  6;  however,  deviations  from  this  faceting 
were  observed  near  the  edges  of  the  samples,  as  shown  in 
Fig.  7(a-c).  For  example,  the  center  region  of  a  2  cm  X 
1  cm  sample  grown  with  1.0%  CH4  in  H2  is  shown  in 
Fig.  7(a).  In  a  region  2.5  mm  from  the  edge  of  the  sample 
shown  in  Fig.  7(b),  the  diamond  is  less  faceted,  and  a 
mixture  of  microcrystalline  and  cauliflower-type  particles 
is  prevalent  behind  the  faceted  grains  which  have  decreased 
in  concentration.  In  Fig.  7(c),  which  is  from  an  area 
within  0.5  mm  of  an  edge  of  the  sample,  the  large  facets 
have  disappeared  entirely,  and  the  cauliflower  texture  is  all 
that  is  observed.  Such  a  cauliflower  texture  is  believed  to 
be  caused  by  an  increased  concentration  of  sp 2  bonding  in 
the  film,  as  suggested  by  Raman  data.26  Such  an  abrupt 
change  in  morphology  on  a  single  substrate  is  believed  to 
be  due  to  changes  in  the  local  growth  conditions,  espe¬ 
cially  temperature,  on  different  areas  of  the  sample. 

Along  with  location  on  the  sample,  surface  morphol¬ 
ogy  is  a  strong  function  of  methane  concentration  in  the 
feed  gas.  For  all  of  the  methane  concentrations  studied  in 
the  present  research,  the  samples  were  predominantly  cov¬ 
ered  by  well-faceted  crystals  up  to  —1  pm  in  size.  At 
0.3%  CH4,  threefold  {111}  facets  dominated  the  morphol¬ 
ogy,  as  shown  in  Fig.  8(a);  however,  at  1.0%  and  2.0% 
CH4,  fourfold  {100}  facets  were  dominant  [see  Fig.  8(b)J. 
This  implies  that  in  the  lower  concentrations  the  {100} 
planes  are  the  faster  growing  planes,  and  in  the  higher  con¬ 
centrations  the  {1 1 1}  planes  grow  fastest.  Previous  research 
on  these  films  utilizing  Raman  spectroscopy22  26  has  shown 
that  the  sp2  bonding  component  is  greater  in  the  films 
grown  with  2.0%  CH4  in  H2  than  the  films  grown  with 
0.3%  CH4  in  H2  although  no  quantification  has  been  pos¬ 
sible  to  date.  Several  other  phenomena  were  apparent  dur¬ 
ing  this  surface  morphology  evaluation.  Surface  steps  were 
present  on  both  the  {111}  and  {100}  facets,  suggesting  a 


FIG.  6.  SEM  micrograph  of  *  typical  well-faceted  diamond  film. 
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(c) 

FIG  7  (a)  SEM  micrograph  of  the  center  region  of  a  2  cm  *  I  cm 
sample  grown  with  I  O'*  CH4  in  H;  (b)  SEM  micrograph  of  the  dia¬ 
mond  Film  2  5  mm  from  the  edge  of  the  sample  (c)  SEM  micrograph  of 
the  diamond  Film  within  0  5  mm  of  an  edge  of  the  sample 


FIG  8  (a)  SEM  micrograph  of  a  diamond  Film  exhibiting  Mold  parti¬ 
cles.  indicative  of  {III}  planes  (b)  SEM  micrograph  of  a  diamond  Film 
exhibiting  4-fold  particles,  indicative  of  {100}  planes 

two-dimensional  growth  mode  for  the  diamond  on  dia¬ 
mond.  Secondary  nucleation  was  observed  on  the  {III} 
facets  and  appeared  to  have  a  definite  orientational  rela¬ 
tionship  to  the  parent  grain.  On  the  {100}  dominated  films, 
secondary  nucleation  was  observed  primarily  between  the 
grains,  in  which  case  its  orientation  was  random.  Finally, 
films  grown  at  the  lower  methane  concentrations  were 
found  to  contain  many  more  multiply  twinned  particles 
than  those  grown  at  higher  methane  concentrations. 

Transmission  electron  microscopy  (TEM)  was  utilized 
for  the  examination  of  defect  structures  in  the  diamond 
films.  Previous  investigations  have  shown  that  planar  de¬ 
fects  including  {111}  stacking  faults  and  {III}  twins  are 
quite  common  in  natural  diamond,  high  pressure-high 
temperature  synthesized  diamond,  and  shock- wave  synthe¬ 
sized  diamond.'2'4*  Dislocations  and  dislocation  structures 
have  been  studied  extensively,  and  platelet  defects  associ- 
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ated  with  the  presence  of  aggregates  of  foreign  atoms 
(e  g.,  nitrogen)  have  also  been  examined  in  great  de¬ 
tail. 47'49  However,  relatively  few  TEM  examinations  of 
CVD  diamond  films  have  been  reported."  24  25  Therefore, 
a  significant  effort  has  been  devoted  to  plan  view  and 
cross-sectional  TEM  of  these  diamond  films  in  the  pres¬ 
ent  research. 

A  plan  view  TEM  micrograph  of  a  diamond  film  is 
shown  in  Fig.  9.  Qualitatively,  a  variety  of  defects  can  be 
seen  in  this  material.  The  contrast  reversal  at  point  (a)  with 
respect  to  the  surrounding  areas  indicates  a  twinned  region 
which  is  relatively  large  compared  with  the  majority  of 
twins  found  in  this  material,  as  discussed  later.  Disloca¬ 
tions  are  observed  at  (b),  and  small  triangular  defects  be¬ 
lieved  to  be  stacking  fault  tetrahedra  are  present  at  (c). 
Finally,  a  grain  boundary  is  indicated  by  (d).  No  phase 
other  than  diamond  was  observed  during  the  TEM  study. 

Twinning  was  the  most  predominant  defect  observed 
in  all  of  the  diamond  samples.  Figure  10  is  a  TEM  bright- 
field  (10(a)],  dark-field  [10(b)]  pair  of  a  single  diamond 
grain  viewed  along  the  [Oil]  direction  in  a  plan-view 
sample  of  a  diamond  film  grown  at  0.3%  CH4.  A  high 
density  of  twins  (visible  as  dark  lines)  is  observed  in 
Fig.  10(a)  on  the  two  {111}  planes  which  are  in  a  diffract¬ 
ing  condition  in  this  orientation.  The  dark-field  image 
shown  in  Fig.  10(b)  was  obtained  using  a  (111)  spot  from 
one  set  of  the  twins,  causing  them  to  appear  bright  in  this 
micrograph.  Additional  information  regarding  the  nature 
of  these  twins  was  obtained  from  careful  examination  of 
a  diffraction  pattern  shown  in  Fig.  1 1  obtained  from  this 
grain  in  the  SAD  mode.  The  two  sets  of  twins  have  given 
rise  to  the  twin  spots  located  at  one-third  of  the  distance 
between  the  major  spots  from  the  untwinned  material,  as 
indexed  on  this  figure.  Streaking  of  the  diffraction  pattern 
normal  to  the  {111}  planes  is  also  observed.  Such  streaking 


FIG  9.  Electron  micrograph  of  single  diamond  grain  exhibiting 
(a)  twins,  (b)  dislocations,  (c)  stacking  fault  tetrahedra,  and  (d)  a  grain 
boundary 


(b) 

FIG.  10.  TEM  bright-held  (a),  dark-field  (b)  pair  of  a  single  diamond 
grain  viewed  along  the  (Oil)  in  a  plan-view  sample  of  a  diamond  film 
grown  at  0.3%  CH4. 

can  be  attributed  to  the  presence  of  either  stacking  faults  or 
coherent  twin  boundaries. 

A  preliminary  HRTEM  examination  of  these  twins 
was  accomplished  on  a  JEOL  200  CX  microscope.  Fig¬ 
ure  12  is  an  HRTEM  micrograph  of  a  single  diamond  grain 
from  the  same  sample  studied  in  Figs.  10  and  II.  Since  the 
diamond  grain  is  in  a  [Oil]  orientation,  {111}  cross-fringes 
of  2.05  A  spacing  are  visible.  Note  that  within  100  A,  the 
diamond  has  twinned  three  times.  (The  mirror  plane  for 
each  twin  is  indicated  by  an  M  on  the  micrograph.) 

The  diamond  films  were  also  examined  via  cross- 
sectional  TEM  (XTEM).  Figure  13  is  an  XTEM  micro¬ 
graph  of  a  diamond  film  grown  at  2.0%  CH4.  Notice  the 
columnar  type  growth  which  the  grains  appear  to  have 
undergone.  The  dark  areas  which  are  associated  with  de¬ 
fects  and/or  strain  in  the  film  appear  to  fan  out  from  a  small 
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FIG.  II.  Diffraction  pattern  obtained  in 
SAD  mode  from  the  grain  shown  in  Fig.  10. 
The  two  sets  of  twins  have  given  rise  to  the 
twin  spots  located  at  one-third  of  the  dis¬ 
tance  between  the  major  spots  from  the 
untwinned  material,  as  indexed  by  labels 
marked  with  asterisks  centered  about  the 
corresponding  diffracted  spots. 


FIG  12.  HRTEM  micrograph  of  a  single  diamond  grain  where  (III)  FIG.  13.  XTEM  micrograph  of  film  grown  in  2.0%  CH./Hj,  showing 

cross-fringes  of  2.05  k  spacing  are  visible.  Several  twins  are  visible  and  fanning  out  of  defects  from  the  diamond-silicon  interface, 

the  mirror  planes  for  each  are  indicated  by  an  M  on  the  micrograph. 


region  at  the  surface,  implying  a  single  nucleation  site  for 
the  grain.  This  supports  the  general  observations  that  the 
CVD  diamond  undergoes  3-D  rather  than  2-D  growth  and 
that  film  adherence  is  usually  rather  poor.  A  higher  magni¬ 
fication  of  this  film  and  a  film  grown  at  0.3%  CH4  are 
shown  in  Figs.  14(a)  and  14(b),  respectively.  The  density 
of  defects  (indicated  by  the  dark  regions  in  the  micro¬ 
graph)  in  the  2.0%  CH4  film  (Fig.  14(a))  is  significantly 
higher  than  that  observed  in  the  XTEM  micrograph  of  the 
0.3%  CH4  film  (Fig.  14(b)).  The  dark  areas  appear  to  be 
much  less  dense  in  the  0.3%  CH4  film,  probably  due  to  the 


lower  growth  rate  at  these  lower  methane  concentrations 
which  allows  a  less  defective  and/or  less  strained  film  to 
form.  This  observation  may  also  be  related  to  a  decreased 
sp 2  bonding  component  which  was  observed  during  Raman 
spectroscopy,” 26  but  more  research  is  necessary  to  con¬ 
firm  this  hypothesis. 

Closer  examination  of  the  diamond/silicon  interface  of 
films  grown  at  2.0%  and  0.3%  CH4/Hj  reveals  significant 
differences  in  the  nature  of  this  interface.  In  Fig.  14(a),  the 
apparent  interface  layer  is  actually  due  to  ion  milling  dam¬ 
age  caused  by  the  presence  of  the  interface  and  the  very 
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50  nm 


(a) 


(b) 

FIG.  14  (a)  XTEM  micrograph  of  diamond  film  grown  in  2.0% 
CM 4 /H j ,  showing  increased  density  of  defects  in  the  diamond  film, 
(b)  XTEM  micrograph  of  diamond  film  grown  in  0  3%  CH,/H2,  showing 
lower  defect  density  in  the  diamond  film 

different  milling  characteristics  of  the  diamond  film  and 
the  silicon  substrate.  This  was  confirmed  by  the  absence  of 
a  second  phase  in  this  region  during  microdiffraction  and 
the  observation  that  no  depth  was  apparent  in  this  layer 
during  TEM  examination  (i.e.,  this  feature  is  confined  to 
the  surface  of  the  TEM  specimen).  Therefore,  it  is  be¬ 
lieved  to  be  an  amorphous  surface  layer  caused  by  inter¬ 
action  of  the  ion  milling  beam  with  the  interface  during 
sample  preparation/0  On  the  other  hand,  a  sample  grown 
at  0.3%  CH4  yields  an  obvious  interfacial  layer  approxi¬ 
mately  50  A  thick,  as  shown  in  Fig  15.  This  is  easily  dis¬ 
tinguished  from  an  ion  milling  damage  layer  by  the  defect 
contrast  observed  as  dark  lines  in  the  layer  and  the  depth 
which  was  apparent  parallel  to  the  electron  beam  in  this  re¬ 


FIG.  15.  XTEM  micrograph  of  diamond  film  grown  in  0  3%  CH4/Hj, 
show  ing  50  A  layer  of  /3— SiC  at  the  interface 

gion,  indicating  it  is  not  simply  a  surface  artifact.  Further¬ 
more,  a  SAD  pattern  from  this  region  shown  in  Fig.  16 
indicated  that  this  interfacial  layer  was  /?-SiC.  The  align¬ 
ment  of  the  Si(lll)  and  SiC(  111)  diffraction  spots  indicates 
that  in  the  region  of  this  SAD  the  /3-SiC  buffer  layer  is  a 
Single  crystal,  epitaxial  with  the  Si  substrate  (i.e.,  /3~ 
SiC(  1 1 1 )  ||  Si(  111),  /3— SiC[  1 10]  (( Si[  1 10]).  This  is  not  sur¬ 
prising  since  epitaxial  (3- SiC  layers  have  been  grown  on 
Si(III)  substrates  by  thermal  CVD.51  However,  it  is  also 
known  that  the  quality  of  an  epitaxial  layer  of  /3-SiC  on 
Si(lll)  is  relatively  poor.  This  is  apparent  in  the  present 
research  in  Fig.  16  by  the  smearing  out  of  spots  (indicating 
residual  strain)  and  the  alternating  dark  and  light  areas  in 
the  layer  (see  Fig.  15),  which  are  believed  to  be  caused  by 
various  defects  and  strain  associated  with  (i)  the  poor  lat¬ 
tice  and  thermal  coefficient  of  expansion  match  between 
Si  and  SiC,  (ii)  the  fact  that  growth  conditions  were  not 
optimized  for  the  formation  of  the  SiC  in  the  present  re¬ 
search,  and  (iii)  growth  of  j8-SiC  on  Si(lll),  which  has 
been  shown  by  previous  investigators  to  be  of  relatively 
poor  quality.51 

Several  other  interesting  observations  can  be  made  by 
carefully  analyzing  the  SAD  pattern  in  Fig.  16.  First,  al¬ 
though  the  diamond  film  is  known  to  be  polycrystalline, 
this  diffraction  pattern  indicates  that  one  of  the  grains 
(labeled  grain  #1)  observed  here  is  actually  in  a  twinned 
epitaxial  relationship  with  the  Si  substrate.  That  is,  dia¬ 
mond  ( 1 1 1 ) || Si( 111)  and  diamond  |0Tl)jjSi|0ll].  Thus, 
two  of  the  diamond  (111)  spots  are  seen  to  be  aligned  with 
Si(  1 1 1 )  spots  while  the  other  two  (111)  spots  for  this  grain 
are  reflected  across  the  [111)  direction  from  where  one 
would  expect  for  “conventional"  epitaxy.  The  Si  substrate 
and  diamond  grain  are  related  by  a  mirror  plane  located  at 
the  diamond/Si  interface  in  this  case.  Diamond  grain  #2  in 
this  micrograph  is  rotated  ~34°  about  the  [1 10)  direction 
relative  to  the  [II 0)  direction  in  the  Si  substrate.  This  will 
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•  Silicon 

*  p-SiC 

x  Diamond  Grain  #1 
0  Diamond  Grain  #2 
(b) 

FIG.  16.  (a)  Diffraction  pattern  obtained  in  SAD  mode  from  the  re¬ 
gion  shown  in  Fig  IS.  (b)  Indexed  schematic  diagram  of  SAD  pattern 
shown  in  (a). 

give  rise  to  a  grain  boundary  where  these  two  grains  meet. 
HRTEM  has  recently  verified  this  "twinned  epitaxy"  and 
the  presence  of  the  SiC  buffer  layer  and  is  currently  being 
utilized  to  understand  grain  boundaries  and  defects  in  the 
films.  This  HRTEM  will  be  the  subject  of  another  publica¬ 
tion  in  the  near  future. 

V.  SUMMARY 

Several  conclusions  have  been  drawn  from  the  present 
research:  (i)  Films  grown  from  a  methane/hydrogen  gas 
mixture  by  microwave  plasma  enhanced  CVD  were  deter¬ 
mined  to  be  comprised  almost  entirely  of  diamond  in  terms 
of  composition,  structure,  and  bonding,  (ii)  The  surface 


morphology  of  the  diamond  films  has  been  observed  to  be 
a  function  of  position  on  the  sample  surface  and  methane 
concentration  in  the  feedgas.  That  is,  well-faceted  dia¬ 
mond  crystals  were  observed  near  the  center  of  the  sample 
whereas  an  apparently  non-faceted  cauliflower  texture  was 
found  very  close  to  the  sample  edges,  presumably  due  to 
temperature  variations.  Regarding  the  methane  concentra¬ 
tion  dependence,  for  0.3%  CH4  in  H,,  threefold  {111} 
facets  were  dominant,  while  at  1 .0%  and  2.0%  CH4  in  H2 
fourfold  {100}  facets  were  dominant,  (iii)  A  high  defect 
density  within  individual  diamond  crystals  was  observed. 
The  defects  observed  include  {111}  type  twins,  {111}  stack¬ 
ing  faults,  dislocations,  and  grain  boundaries,  (iv)  XTEM 
of  a  diamond  film  grown  at  0.3%  CH4  has  revealed  a  50  A 
epitaxial  layer  of  f) -SiC  at  the  diamond-silicon  interface. 
However,  no  evidence  for  any  buffer  layer  of  /3-SiC  was  ob¬ 
served  on  a  diamond  film  grown  at  2.0%  CH4.  (v)  Local 
regions  of  “twinned  epitaxy”  have  been  observed  in  the 
films,  indicating  that  the  substrate  orientation  does  appear 
to  play  a  role  in  the  growth  of  some  of  the  diamond  grains. 
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ABSTRACT.  The  nucleation  of  diamond  films  grown  by  microwave  plasma  chemical 
vapor  deposition  on  silicon  substrates  has  been  examined  by  Auger  electron 
spectroscopy  (AES),  x-ray  photoelectron  spectroscopy  (XPS)  and  electron 
microscopy.  Furthermore,  cross  sectional  transmission  electron  microscopy 
(XTEM)  was  utilized  to  examine  the  diamond/silicon  interface.  The  immediate  (<  5 
minutes)  formation  of  a  cubic  SiC  buffer  layer  was  observed  prior  to  the  growth  of  a 
detectable  diamond  film.  This  SiC  layer  was  too  thin  to  be  observed  (<  10 
monolayers)  in  XTEM  when  methane  concentrations  in  the  feedgas  were  relatively 
high  (2.0%)  but  was  observable  via  AES  and  XPS  even  at  3.0%  CH4.  At  low 
concentrations  (0.3%  CH4)  the  SiC  layer  was  relatively  thick  (~50A)  and  easily 
observed  in  XTEM. 


Introduction 

Diamond  is  an  excellent  candidate  material  for  use  in  both  electronic  and  wear 
resistant  coating  applications  due  to  its  unique  combination  of  exceptional 
properties. '  ^  Regarding  electronic  applications,  these  properties  include  high  hole 
and  electron  mobilities  (2000  and  1800  cm2,  V'1  •  sec'1,  respectively),  a  high 
breakdown  voltage,  high  carrier  drift  velocities,  and  a  much  higher  thermal 
conductivity  (from  1000  to  10,000  W/m-K)  than  even  copper,  which  is  considered  a 
good  thermal  conductor.  Diamond  films  may  thus  be  utilized  as  heat  sinks  on  which 
to  mount  various  electronic  devices  fabricated  from  more  conventional 
semiconductors  such  as  Si  and  GaAs  or  directly  for  the  fabrication  of  microwave 
devices  as  well  as  devices  to  be  employed  in  high  power,  high  current  density,  high 
temperature  and/or  high  radiation  flux  applications.  Recent  attempts  to  grow 
diamond  films  for  such  potential  applications  have  been  very  encouraging. 
Researchers  have  deposited  polycrystalline  diamond  films  via  RF-plasma  CVD,4 
microwave  plasma  CVD,*5  and  hot  Filament  CVD6  as  well  as  various  modifications  of 
these  techniques.  However,  in  order  to  reach  the  true  potential  of  diamond  in  many 
of  the  aforementioned  electronic  applications,  high  quality  single  crystal  films  will  be 
necessary  on  economical  non-diamond  substrates.  Therefore,  it  is  important  to 
develop  an  understanding  of  the  nucleation  of  diamond  on  substrates  of  interest.  The 
present  paper  investigates  such  nucleation  on  “scratched”  single  crystal  Si 
substrates  which  have  been  the  most  extensively  utilized  substrates  to  date. 


Submitted  to  "Proceedings  of  NATO  Advanced  Research  Workshop  on  the  Physics  and  Chemistry  of 
Carbides.  Nitrides  and  Borides."  Manchester,  U.K.,  October  (1989) 
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Experimental 

The  diamond  films  analyzed  in  this  research  were  grown  on  2  cm  by  J  cm  n-type  Si 
(111)  substrates  immersed  in  a  CH4/H2  plasma  created  by  a  2.45  GHz  microwave 
source.  A  schematic  of  the  deposition  system  is  shown  in  Figure  1.  Details  of  the 
system  have  been  given  elsewhere.7  The  substrate  temperature  as  measured  by  an 
optical  pyrometer  was  maintained  at  approximately  800°C  by  controlling  the 
microwave  power  (which  was  typically  300  -  350  watts).  No  corrections  were  made 
for  emissivity  changes  or  for  the  quartz  window;  therefore,  this  temperature  is  an 
approximation.  The  total  pressure  in  the  chamber  was  maintained  at  30  Torr,  and 
only  the  CH4/H2  ratio  in  the  feedgas  was  varied  for  the  films  studied  in  this  work 
(between  0.3  and  2.0%  CH4  in  H2). 


Power  monitor 


Fig.  1.  Schematic  diagram  of  microwave  plasma  CVD  system  used  for  the 
deposition  of  diamond  films. 


25 


Prior  to  growth,  the  commercially  polished  silicon  substrates  were  scratched  with 
0.25  pm  diamond  paste  for  one  hour  in  order  to  increase  the  nucleation  density  of  the 
diamond  particles  which  make  up  the  film.  The  substrates  were  then  ultrasonically 
cleaned  in  acetone,  ethanol,  and  distilled  water.  For  the  preparation  of  plan-view 
TEM  specimens,  2.5  X  2.5  mm  sections  were  cut  from  the  as-grown  sample  with  a 
diamond  saw.  The  substrate  was  then  thinned  with  600  grit  SiC  paper  to  a 
thickness  of  65  pm  and  subsequently  polished  with  0.3  pm  AI2O3  suspended  in 
water.  This  polished  side  was  then  dimpled  with  a  steel  ball  coated  with  1  pm 
diamond  paste  until  the  sample  was  less  than  10  pm  thick  at  the  center  of  the  crater. 
After  affixing  this  sample  to  a  3  mm  diameter  Ta  support  ring,  ion  milling  from  the 
substrate  side  with  6  kV  Ar4  was  used  to  thin  the  sample  until  perforation  occurred. 
To  remove  as  much  ion  milling  damage  as  possible,  the  sample  was  then  milled  with 
3  kV  Ar+  for  an  additional  15  minutes.  Cross-sectional  TEM  (XTEM)  samples  were 
prepared  in  a  similar  manner.  In  this  case,  sections  were  obtained  by  cutting 
perpendicular  to  the  plane  of  the  film  after  gluing  the  substrate  to  silicon  buffer  layers 
to  form  a  sandwich.  Thinning  of  the  sample  was  achieved  as  described  for  plan-view 
TEM  samples,  and  the  dimpling  crater  was  carefully  aligned  to  ensure  that 
perforation  of  the  specimen  during  ion  milling  occurred  very  near  the  diamond  film. 
For  the  TEM  reported  in  this  research,  a  Hitachi  H-800  operated  at  200  kV  and  a 
Philips  430  operated  at  300  kV  were  utilized. 

The  surface  analysis  was  conducted  in  a  custom  built  multi-technique  analysis 
system  containing  Auger  electron  spectroscopy  (AES),  x-ray  photoelectron 
spectroscopy  (XPS),  electron  energy  loss  spectroscopy  (EELS),  reverse  view  low 
energy  electron  diffraction  (RVLEED)  and  electron  stimulated  desorption  (ESD) 
capabilities. 

The  Auger  and  XPS  spectra  were  recorded  using  a  Riber  MAC  2  semidispersive 
electron  energy  analyzer  which  has  a  resolution  of  0.3  eV  to  4  eV.  The  resolution 
AE  of  the  spectrometer  is  constant  over  the  entire  range  of  kinetic  energies.  For 
Auger  spectroscopy,  the  analyzer  was  modulated  at  8  kHz  and  differentiated  spectra 
were  obtained  using  a  lock-in  amplifier.  The  XPS  was  obtained  using  the  Mg  anode 
of  a  dual  anode  (Mg/Al)  x-ray  source,  and  spectra  were  recorded  in  pulse  counting 
mode.  The  system  is  attached  through  ultrahigh  vacuum  (UHV)  to  a  diamond 
microwave  plasma  CVD  system  and  thus  able  to  conduct  in  vacuo  analysis  of  such 
films.  However,  the  present  results  were  obtained  ex  situ,  thus  samples  were 
exposed  to  the  atmosphere  prior  to  analysis. 


Results  and  Discussion 
NUCLEATION  OF  DIAMOND  ON  SILICON 

A  transmission  electron  micrograph  of  diamond  nucleation  on  Si  is  shown  in  Figure 
2.  In  this  case,  the  diamond  growth  was  stopped  after  45  minutes  of  growth  using 
1.0%  CH4  in  H2.  Three  interesting  observations  can  be  made  from  this  data.  First, 
the  diamond  is  found  to  nucleate  in  a  highly  three  dimensional,  particulate  manner. 
This  is  due  to  the  very  high  surface  energy  of  diamond  which  favors  C-C  as  opposed 
to  C-Si  bonding,  thus  yielding  3-D  nucleation  and  growth.8  Next,  the  particles  are 
also  seen  to  vary  in  size  indicating  that  nucleation  probably  does  not  occur  all  at  one 
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time.  Rather,  new  particles  continue  to  nucleate  while  previously  nucleated  particles 
undergo  significant  growth.  Another  explanation  for  the  observed  results  is  that  the 
growth  rate  of  the  particles  varies  substantially.  However,  given  the  broad  range  of 
particle  sizes  observed,  this  explanation  seems  unlikely.  Finally,  “scratches”  can 
also  be  seen  in  these  micrographs  as  bright  lines.  Some  of  the  particles  are  seen  to 
nucleate  along  these  scratches;  however,  others  appear  to  nucleate  without  the  aid 
of  any  scratches.  More  research  is  necessary  to  understand  the  role  of  the 
scratches,  but  it  appears  from  these  results  that  they  are  an  aid  to  nucleation  density 
rather  than  a  necessary  condition. 


Fig.  2.  Plan- view  TEM  micrograph  of  diamond  particles  nucleated  on  (111)  silicon. 

To  further  evaluate  the  nucleation  of  diamond  on  Si,  a  series  of  samples  grown  for 
5,  15,  30,  120  and  360  minutes  with  3.0%  CH4  in  H2  were  examined  with  XPS  and 
AES.  Scanning  electron  microscopy  was  also  conducted  and  is  shown  for  the  30  and 
120  minute  samples  in  Figure  3.  The  formation  of  a  turn  is  shown  to  occur  by  the 
intergrowth  of  discrete  particles.  C  and  Si  concentrations  from  XPS  correlate  well 
with  the  observed  particle  coverage.  XPS  spectra  for  the  5  minute  and  120  minute  (2 
hr.)  growths  are  shown  in  Figure  4.  The  carbon  film  and  silicon  substrate  are 
observed,  as  well  as  oxygen  contamination.  In  addition  to  the  XPS  peaks  of  the 
elements,  x-ray  excited  Auger  peaks  of  the  oxygen  and  carbon  are  visible.  After  2 
hours  of  growth  the  sample  is  seen  to  consist  of  mostly  C  with  only  small 
concentrations  of  Si  and  O  remaining.  The  oxygen  is  believed  to  be  due  to  the  native 
oxide  formed  on  the  Si  during  atmospheric  exposure  prior  to  analysis. 
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Fig.  4.  XPS  spectra  obtained  from  diamond  films  grown  with  3.0%  CH4/H2  for  5  min. 
and  120  min. 


Fig.  5.  XPS  Cls  spectra  obtained  after  growth  times  of  5  min.,  15  min.,  30  min.,  and 
2  hrs.  using  3.0%  CH4/H2. 
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Examining  the  carbon  Is  ,  XPS  peak  more  closely  (Figure  5),  an  interesting 
observation  is  made.  The  first  carbon  peak  to  become  visible  is  due  to  SiC.9  This  is 
followed  by  the  slow  increase  in  intensity  of  the  diamond  C  Is  peak  as  growth 
proceeds.  Although  the  formation  of  a  SiC  layer  between  the  diamond  film  and  the 
silicon  substrate  might  be  considered  a  somewhat  obvious  result,  two  major  points 
make  this  observation  interesting.  First,  formation  of  the  SiC  layer  is  extremely 
rapid  relative  to  the  formation  of  a  discernable  diamond  layer.  The  plasma  plays  a 
critical  role  in  this  SiC  formation  since  the  growth  temperature  is  much  lower  than 
generally  used  in  the  formation  of  such  films  by  thermal  CVD.1®  Second,  the 
formation  of  a  SiC  layer  has  not  been  observed  during  XTEM  of  such  films  grown 
with  relatively  high  methane  concentrations  as  discussed  later  in  this  paper. 

These  results  were  verified  by  examining  the  fine  structure  of  the  carbon  KLL 
Auger  peak  of  these  samples  as  shown  in  Figure  6.  After  15  minutes  of  growth,  this 
fine  structure  has  the  typical  shape  of  a  silicon  carbide.  After  2  hrs.,  the  shape  has 
become  very  similar  to  that  obtained  from  bulk  diamond.1 1 


Fig.  6.  AES  C  KLL  spectra  as  a  function  of  growth  time.  A  characteristic  SiC  peak 
shape  is  present  during  the  early  stages  of  growth. 

Thus,  it  appears  that  diamond  is  actually  growing  on  a  very  thin  layer  of  SiC  rather 
than  directly  on  the  Si  substrate.  Unfortunately,  it  is  not  believed  by  the  present 
authors  that  a  similar  statement  can  be  made  about  the  nucleation  of  the  diamond. 
That  is.  it  may  still  be  possible  that  the  initial  nucleus  of  the  diamond  forms  on  Si  but 
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due  to  the  different  growth  modes  for  SiC  and  diamond,  coupled  with  a  rapid  initial 
SiC  growth  rate,  only  the  SiC  is  detectable.  The  SiC  is  nucleating  as  a  true  film, 
thereby  rapidly  covering  the  surface  and  yielding  a  strong  initial  XPS  and  AES 
signals.  The  diamond,  however,  is  growing  as  small  particles  scattered  over  the 
surface,  yielding  a  small  signal  due  to  the  low  areal  coverage  on  the  surface.  As 
time  continues,  the  SiC  growth  becomes  diffusion  limited  since  Si  from  the  substrate 
is  necessary.  Thus  the  SiC  growth  begins  to  slow  whereas  the  diamond  continues  to 
grow  without  limitations.  After  some  period  of  time  the  diamond  particles  begin  to 
grow  up  over  the  SiC  layer,  and  thus  yield  the  majority  of  the  XPS  and  AES  signal. 
It  appears  from  the  electron  microscopy  discussed  in  the  following  section  that  with 
high  methane  concentrations  in  the  feedgas  this  overgrowth  occurs  relatively  rapidly, 
thus  yielding  a  thin  SiC  layer,  whereas  at  lower  concentrations  a  thicker  SiC  layer  is 
able  to  form.  Regarding  the  question  of  whether  the  diamond  nucleates  on  Si  or  SiC, 
the  authors  believe  that  this  question  is  still  open  and  will  remain  so  until  further 
electron  microscopy,  field  ion  microscopy  or  scanning  tunneling  microscopy  is 
performed  during  the  initial  stages  of  diamond  nucleation. 

THE  DIAMOND-SILICON  INTERFACE 

To  obtain  more  information  about  the  nature  of  the  diamond-silicon  substrate 
interface,  the  samples  were  examined  with  cross-sectional  transmission  electron 
microscopy.  Micrographs  of  films  grown  at  2.0%  CH4  and  0.3%  CH4  in  H2  are  shown 
in  Figures  7(a)  ana  7(b),  respectively.  The  density  of  defects  and/or  the  amount  of 


Fig.  7.  (a)  XTEM  micrograph  of  diamond  film  grown  in  2.0%  CH4/H2,  showing 

increased  density  of  defects  in  the  diamond  film. 
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(b)  XTEM  micrograph  of  diamond  film  grown  in  0.3%  CH4/H2  showing  lower 
defect  density  on  the  diamond  film. 

elastic  strain  (indicated  by  the  dark  regions  in  the  micrograph)  in  the  2.0%  CH4  film 
| Figure  7(a)|  is  significantly  higher  than  that  observed  in  the  XTEM  micrograph  of 
the  0.3%  CH4  film  [Figure  7(b) j,  probably  due  to  the  lower  growth  rate  at  these 
lower  methane  concentrations  which  allows  a  less  defective  and/or  less  strained  film 
to  form.  This  observation  may  also  be  related  to  a  decreased  sp2  bonding  component 
which  was  observed  during  Raman  spectroscopy,' 2,1  but  more  research  is 
necessary  to  confirm  this  hypothesis. 

Closer  examination  of  the  diamond/silicon  interface  of  films  grown  at  2.0%  and 
0.3%  CH4/H2  reveals  significant  differences  in  the  nature  of  this  interface.  In  Figure 
7(a),  only  an  ion  milling  damage  layer  is  observed,  caused  by  the  presence  of  the 
interface  and  the  very  different  milling  characteristics  of  the  diamond  film  and  the 
silicon  substrate.  This  was  confirmed  by  the  absence  of  a  second  phase  in  this 
region  during  microdiffraction  and  the  observation  that  no  depth  was  apparent  in  this 
layer  during  TEM  examination  (i.e.,  this  feature  is  confined  to  the  surface  of  the 
TEM  specimen).  Therefore,  it  is  believed  to  be  an  amorphous  surface  layer  caused 
by  interaction  of  the  ion  milling  beam  with  the  interface  during  sample  preparation.14 
On  the  other  hand,  a  sample  grown  at  0.3%  CFL*  yields  an  obvious  interfacial  layer 
approximately  50  A  thick  as  shown  in  Figure  8.  Due  to  the  imaging  contrast 
optimized  to  observe  defects  in  the  diamond,  this  layer  was  not  visible  in  Figure 
7(b);  however,  it  can  be  observed  readily  in  Figure  8.  This  is  easily  distinguished 
from  an  ion  milling  damage  layer  by  the  defect  contrast  observed  as  dark  lines  in  the 
layer  and  the  depth  which  was  apparent  parallel  to  the  electron  beam  in  this  region. 
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indicating  it  is  not  simply  a  surface  artifact.  Furthermore,  a  SAD  pattern  from  this 
region  indicated  that  this  interfacial  layer  was  (5-SiC.  The  alignment  of  the  Si(lll) 
and  SiC(lll)  diffraction  spots  indicated  that  in  the  region  of  the  SAD  the  P-SiC 
buffer  laver  was  a  single  crystal,  epitaxial  with  the  Si  substrate  (i.e.,  (J- 
SiC(l  1 1 )  f  I  Si( 111),  p— SiC(  1 10]  |  |  Sill  10J).  The  presence  of  this  layer  is  confirmed 
by  high  resolution  XTEM  as  shown  in  Figure  9.  Fringes  for  the  Si  and  SiC(lll) 
planes  can  be  observed  and  appear  to  be  aligned,  indicating  an  epitaxial  relationship 
between  the  Si  and  SiC. 


Fig.  8.  XTEM  micrograph  of  diamond  film  grown  in  0.3%  CH4/H2  showing  50A  layer 
of  P-SiC  at  the  interface. 

The  absence  of  the  SiC  layer  in  the  sample  grown  with  the  higher  concentration  of 
CH4  (i.e.,  2%  CH4)  may  be  due  to  the  more  rapid  growth  rate  of  the  diamond  in  these 
samples.  This  may  “cap”  the  Si  before  an  SiC  layer  detectable  in  the  TEM  has  time 
to  form.  After  the  diamond  has  covered  the  Si,  the  high  bond  strength  and  “kinetic 
stability”  (i.e.  large  activation  energy  required  to  transform  the  diamond)  of  the 
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Fig.  9.  High  resolution  XTEM  micrograph  of  diamond  film  grown  in  0.3%  CH4/H2. 
Note  the  cross-fringes  visible  in  both  the  silicon  substrate  and  the  (3-SiC 
layer,  indicative  of  the  epitaxial  nature  of  the  (3-SiC  film. 

diamond  prevents  the  inter-diffusion  of  the  Si  and  C,  thus  limiting  the  SiC  layer 
thickness.  However,  it  should  be  remembered  that  an  SiC  layer  was  detected  by 
XPS  and  AES  in  a  sample  grown  with  a  high  methane  concentration  (i.e.,  3.0%). 
This  is  believed  to  be  due  to  the  increased  surface  sensitivity  of  these  techniques 
and  suggests  that  the  layer  is  simply  too  thin  to  be  detected  in  the  TEM  (i.e.,  less 
than  5  -  10  monolayers)  for  the  reasons  discussed  above. 


Summary 

Diamond  films  grown  by  microwave  plasma  CVD  have  been  examined  by  AES.  XPS 
and  TEM.  The  surface  analysis  of  a  series  of  samples  grown  for  various  times 
indicated  that  a  detectable  SiC  layer  forms  within  the  first  five  minutes  of  growth. 
Diamond  then  slowly  begins  to  become  detectable  until,  after  two  hours  of  growth, 
the  SiC  is  no  longer  observed.  In  cross  sectional  electron  microscopy,  the  presence 
of  an  epitaxial  SiC  layer  was  observed  for  samples  grown  with  a  low  CH4 
concentration.  However,  contrary  to  the  surface  analysis  results,  such  a  layer  was 
not  observed  in  the  samples  grown  with  higher  CH4  concentrations.  This  is  believed 
to  be  due  to  the  very  thin  nature  of  the  SiC  layer  in  this  case,  probably  caused  by  the 
diamond  film  “capping"  the  substrate  more  quickly  and  thus  preventing  further 
carburization. 
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Thin  carbon  films  grown  from  a  low  pressure  methane-hydrogen  gas  mixture 
by  microwave  plasma  enhanced  CVD  have  been  examined  by  electron  microscopy. 
Previously  reported  transmission  electron  microscopy  (TEM)  of  the  diamond  films1 
has  shown  that  the  majority  of  diamond  crystals  have  a  very  high  defect  density 
comprised  of  (111)  twins,  (111)  stacking  faults,  and  dislocations.  In  this  study,  high 
resolution  electron  microscopy  (HREM)  has  been  utilized  to  lattice  image  individual 
defects  in  these  polycrystalline  diamond  films.  Interpretation  of  the  images  from 
these  defects  is  not  trivial  and  reported  image  simulations  have  been  utilized  to 
further  understand  these  defects.  Five  fold  multiply  twinned  particles  have  also 
been  examined  and  it  was  found  that  the  7.5°  misfit  present  in  such  particles  has 
been  accommodated  at  the  twin  boundaries  rather  than  by  elastic  deformation.  This 
creates  a  twin  boundary  coincident  with  a  low  angle  grain  boundary  which  has  been 
termed  a  "tilted  twin  boundary".  The  density  of  defects  in  these  particles  is  generally 
high;  however,  a  dramatic  reduction  in  the  defect  density  near  the  twin  boundaries 
was  observed.  This  defect  reduction  is  significant  because  if  its  origin  can  be 
determined,  this  information  may  be  useful  in  producing  higher  quality  diamond 
films. 
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I .  Introduction  and  Background 

Diamond  has  potential  for  use  in  both  electronic  and  wear  resistant  coating 
applications  due  to  its  high  hardness,  strength,  thermal  conductivity,  electron 
saturated  drift  velocity,  hole  and  electron  mobilities,  chemical  and  thermal  stability, 
radiation  hardness,  and  optical  transmission.2*4  Researchers  throughout  the  world 
are  currently  attempting  to  grow  single  crystal  films  of  diamond  using  low  pressure 
(i.e.,  less  than  one  atmosphere)  gases  to  make  the  fabrication  of  electronic  devices 
which  utilize  these  outstanding  properties  feasible.  Such  research  has  been 
encouraged  by  recent  results  which  indicate  that  epitaxial  diamond  films  can  be 
grown  on  diamond  substrates.5"8  However,  microcracking  and  poor  surface 
morphologies  after  several  microns  of  growth  are  still  major  concerns  in  this 
homoepitaxy.  Furthermore,  for  thin  film  devices  of  diamond  to  be  economically 
viable,  heteroepitaxial  growth  is  believed  to  be  necessary.  Previous 
investigations9'13  have  only  yielded  highly  defective,  polycrystalline  films  when 
non-diamond  substrates  are  utilized.  The  research  presented  in  this  paper  is  part  of 
a  continuing  effort  to  understand  defect  structures  and  particle  morphologies  in 
such  polycrystalline  CVD  diamond.  This  understanding  will  yield  information  on 
the  nucleation  and  growth  of  these  films  which  will,  in  turn,  aid  researchers  in 
attempts  to  achieve  heteroepitaxial  growth  of  high  quality  diamond. 

The  surface  morphologies  and  defect  structures  in  CVD  diamond  have  been 
reported  previously.1, 14, 15  In  general,  highly  faceted  polycrystalline  films  (average 
grain  size  -1  pm)  have  been  observed;  however,  deviations  from  this  faceting  were 
also  present  depending  on  location  on  the  substrate  and  the  methane  concentration 
in  the  feedgas.  Well-faceted  diamond  crystals  were  observed  near  the  center  of  the 
sample  whereas  a  less  faceted,  cauliflower  texture  was  observed  near  the  edge  of  the 
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sample,  presumably  due  to  variations  in  temperature  across  the  surface  of  the 
sample.  Regarding  methane  concentration  effects,  three-fold  (111)  faceted  diamond 
crystals  were  predominant  in  a  film  grown  with  0.3%  CH4  in  H2  while  four-fold 
(100}  facets  were  observed  in  films  grown  with  1.0%  and  2.0%  CH4  in  H2.  Cyclic 
growth  patterns  of  these  facets  due  to  secondary  nucleation  have  also  been 
reported.16  Transmission  electron  microscopy  of  the  diamond  films1  has  shown 
that  the  majority  of  diamond  crystals  have  a  very  high  defect  density  comprised  of 
(111)  twins,  (111)  stacking  faults,  and  dislocations.  The  presence  of  these 
crystallographic  defects  (twins,  stacking  faults,  and  dislocations)  in  CVD  diamond  is 
not  surprising  since  natural  and  high  pressure  synthesized  diamond  have  also  been 
observed  to  have  high  concentrations  of  these  defects.17, 18  In  the  present  research, 
high  resolution  TEM  (HREM)  has  been  used  to  examine  these  defects  on  an  atomic 
scale.  The  interpretation  of  HREM  micrographs  is  not  trivial  and  is  also  addressed 
in  the  present  manuscript  as  it  relates  to  the  diamond  films  which  were  examined. 

Along  with  the  various  defects  discussed  above,  multiply  twinned  particles 
(MTPs)  of  diamond  were  also  observed  by  HREM  in  the  present  study.  Particles 
nucleated  in  the  gas  phase  and  electrodeposited  particles  of  a  variety  of  materials 
have  been  shown  to  form  MTPs.  Several  different  types  of  MTPs  exist,19  the  most 
common  being;  (i)  a  single  twin  separating  particles  into  two  halves  which  are  the 
mirror  image  of  each  other,  (ii)  pseudopentagonal  particles  (known  as  a  decahedral 
MTP)  containing  five  tetrahedra  sharing  a  common  [110]  axis  and  each  twinned 
relative  to  its  neighbor  and  (iii)  an  icosahedral  particle  bounded  by  20  (111)  planes 
composed  of  20  tetrahedra  sharing  a  common  apex.  All  of  these  types  have  been 
observed  in  CVD  diamond;10  however,  only  one  other  HREM  investigation  of  the 
atomic  positions  has  previously  been  attempted.20  The  present  paper  will  conduct 
such  a  study  on  decahedral  diamond  MTPs  which  were  found  to  be  the  most 
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common  type  in  the  diamond  CVD  films  examined.  Such  MTPs  have  previously 
been  found  in  various  FCC  metals  such  as  Fe,  Ni,  Pt,21  Cu,22  Ag,23  and  Au  24,  25 
Silicon19,  26  and  Ge27,  both  comprised  of  the  diamond  structure,  have  also  been 
shown  to  crystallize  in  these  multiply  twinned  configurations. 

Prior  to  presenting  the  results  of  the  present  research,  it  is  necessary  to  discuss 
the  nature  of  decahedral  MTPs  observed  in  various  materials  by  previous 
investigators.  Decahedral  MTPs  have  pseudopentagonal  character  because  they  are 
comprised  of  five  tetrahedra  joined  by  a  common  [110]  edge.  Thus,  when  viewed 
parallel  to  this  [110]  direction,  these  particles  appear  to  have  five  fold  symmetry. 
(This  has  given  rise  to  another  name  sometimes  used  for  these  particles  -  "five  fold 
MTPs.")  However,  when  five  tetrahedra  are  joined  in  this  manner,  they  cannot 
completely  fill  360°.  This  is  because  the  ideal  angle  between  the  {111}  planes 
bounding  each  tetrahedron  is  70.5°;  therefore  the  five  adjacent  tetrahedra  make  up  a 
total  angle  of  352.5°  leaving  a  7.5°  mismatch.  At  the  core  of  the  MTP  this  mismatch 
may  be  accommodated  by  elastic  strain  in  the  lattice  but  as  the  particle  grows,  this 
strain  becomes  too  great  and  a  boundary  forms  to  accommodate  this  misfit.  For 
example,  in  Si,  core  diameters  were  found  to  consistently  be  on  the  order  of  4nm  in 
decahedral  MTPs.19  In  the  core,  one  of  the  tetrahedra  was  elastically  strained  to 
accommodate  most  of  the  7.5°  misfit.  After  the  particle  reached  the  4  nm  diameter, 
a  low  angle  grain  boundary  was  formed  in  one  of  the  tetrahedra.  An  elastically 
strained  core  has  also  been  observed  recently  in  diamond  MTPs.20  In  this  case  the 
misfit  was  distributed  over  four  of  the  five  tetrahedra  rather  than  confined  to  a 
single  one.  No  boundary  accommodating  the  misfit  was  observed  in  the  particles 
studied  in  that  report,  which  is  contrary  to  the  particles  studied  in  the  present 
research  as  discussed  later. 
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Most  agree  that  MTPs  form  when  substrate  particle  interaction  is  relatively 
weak  since  otherwise  the  substrate  will  determine  atomic  arrangements  rather  than 
the  particle  nucleus.  (In  fact,  crystal  growth  theory28  shows  that  poor 
particle/substrate  interaction  causes  three  dimensional  particle  growth,  and  MTPs 
are  an  extreme  case  of  this  phenomenon.)  Several  different  theories  have  been 
suggested  regarding  the  formation  of  MTPs.  A  balance  between  strain  energy, 
surface  energy  and  twin  boundary  energy  has  been  used  to  discuss  the  stability  of 
various  forms  of  small  metallic  twinned  particles.29  Decahedral  MTPs  have  been 
explained22  by  an  impurity  atom  of  the  proper  size  which  acts  as  a  nucleus  around 
which  five  atoms  from  the  particle  cluster  in  a  modified  close  packed  arrangement. 
If  particle  growth  maintains  this  initial  configuration,  a  five  fold  MTP  is  formed. 
Another  speculation  is  that  the  initial  nucleus  is  created  by  a  minimization  of 
surface  energy  and  a  lack  of  surface  mobility  causes  this  structure  to  continue  even 
after  it  is  energetically  unfavorable.  In  the  case  of  vapor  phase  deposited  diamond, 
the  different  MTP  configurations  have  been  related  to  different  hydrocarbon 
compounds  which  could  act  as  nuclei.10  Each  is  an  exact  duplicate  of  the  smallest 
possible  core  region  of  the  various  MTPs.  As  a  first  order  approximation,  these 
compounds  can  be  viewed  simply  as  hydrogen  terminated  diamond  of  the  smallest 
possible  dimensions.  Since  diamond  is  known  to  be  hydrogen  terminated  during 
vapor  phase  growth  this  explanation  appears  reasonable.  However,  it  is  not  likely 
in  the  case  of  the  FCC  metal  MTPs  due  to  the  absence  of  such  precursor  molecules. 
For  this  reason  a  new  theory  has  been  suggested20  involving  the  nudeation  of  five 
fold  MTPs  at  an  edge  dislocation  which  is  nearly  perpendicular  to  the  substrate 
surface.  The  atomic  structure  at  the  termination  of  this  edge  dislocation  appears  to 
be  consistent  with  the  HREM  micrographs  of  the  MTP  core.  However,  this 
mechanism  cannot  account  for  MTPs  nucleated  in  the  vapor  phase. 
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Various  mechanisms  may  be  important  depending  on  the  material,  growth 
parameters,  substrate,  growth  process,  etc.  This  is  supported  by  (i)  the  variety  of 
proposed  theories  which  appear  quite  reasonable,  (ii)  the  numerous  materials 
observed  to  form  MTPs,  and  (iii)  the  different  orientations  and  morphologies  of 
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MTPs.  They  have  been  observed  to  nucleate  with  either  (111)  or  (001)  nuclei. 
Particles  which  appear  to  be  cut  in  half  by  the  substrate  have  also  been  observed. 
Thus,  it  appears  that  no  single  theory  is  yet  able  to  describe  the  formation  of  MTPs  in 
ali  observed  cases.  The  section  on  MTPs  in  the  present  manuscript  discusses  the 
character  of  five  fold  diamond  MTPs  and  the  misfit  boundaries  therein. 

II.  Experimental 

Details  of  the  microwave  plasma  enhanced  CVD  system  used  to  grow  the 
diamond  films  in  this  research  have  been  reported  elsewhere.14  In  general, 
microwaves  from  a  2.45  GHz  power  supply  were  guided  through  an  isolator  and  a 
three  stub  tuner  to  a  quartz  tube  reaction  chamber.  The  diamond  films  analyzed  in 
this  research  were  grown  on  2  cm  by  1  cm  n-type  Si  (111)  substrates  immersed  in  a 
CH4/H2  plasma  created  by  the  microwave  source.  The  approximate  substrate 
temperature  as  measured  by  an  optical  pyrometer  was  maintained  at  approximately 
800°C  by  controlling  the  microwave  power  (which  was  typically  300-350  watts).  The 
total  pressure  in  the  chamber  was  maintained  at  30  Torr,  and  the  CH4/H2  ratio  in 
the  feedgas  for  the  films  studied  in  this  work  was  0.3%  CH4  in  H2. 

Prior  to  growth,  the  commercially  polished  silicon  substrates  were  scratched 
with  0.25  pm  diamond  paste  for  one  hour  in  order  to  increase  the  nucleation 
density  of  the  diamond  particles  which  make  up  the  film.  The  substrates  were  then 
ultrasonically  cleaned  in  acetone,  ethanol,  and  distilled  water.  For  the  preparation 
of  plan-view  TEM  specimens,  2.5  x  2.5  mm  sections  were  cut  from  the  as-grown 
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sample  with  a  diamond  saw.  The  substrate  was  then  thinned  with  600  grit  SiC  paper 
to  a  thickness  of  65  pm  and  subsequently  polished  with  0.3  pm  AI2O3  suspended  in 
water.  This  polished  side  was  then  dimpled  with  a  steel  ball  coated  with  1  pm 
diamond  paste  until  the  sample  was  less  than  10  pm  thick  at  the  center  of  the  crater. 
After  affixing  this  sample  to  a  3  mm  diameter  Ta  support  ring,  ion  milling  from  the 
substrate  side  with  6kV  Ar+  was  used  to  thin  the  sample  until  perforation  occurred. 
To  remove  as  much  ion  milling  damage  as  possible,  the  sample  was  then  milled 
with  3kV  Ar+  for  an  additional  15  minutes. 

For  the  conventional  TEM  (bright  field  and  dark  field)  reported  in  this  work, 
a  Hitachi  H-800,  Philips  400  with  FEG,  and  a  Philips  430  were  utilized.  The  high 
resolution  TEM  (HREM)  was  accomplished  on  a  JEOL  200CX  equipped  with  a  top 
entry  stage  and  a  LaBg  filament  operated  at  200  kV.  The  HREM  micrographs  were 
obtained  by  orienting  individual  diamond  crystals  (typically  1pm  in  size)  to  [011] 
where  two  sets  of  (111)  fringes  were  visible  at  800,000x  in  the  microscope.  No 
objective  aperture  was  used  when  recording  these  images. 

III.  Results  and  Discussion 

In  general,  the  interpretation  of  HREM  lattice  images  is  quite  difficult  and 
depends  on  a  number  of  experimental  parameters.  However,  the  correct 
interpretation  of  the  HREM  images  obtained  in  this  work  was  aided  by  a  priori 
information  about  the  diamond  structure.  For  example,  the  [110]  projection  of  this 
structure  with  lattice  parameter  a=3.568  A  is  depicted  in  Fig.  la.  The  lattice  spacings 
of  several  planes  are  indicated  on  the  micrograph  but  the  spacing  of  the  (400),  0.89  A, 
is  below  the  resolution  of  the  images  obtained  in  this  research.  Thus,  the  pairs  of 
atoms  separated  by  the  (400)  spacing  in  this  projection  will  not  be  resolved.  Fig.  lb  is 
a  projection  of  the  diamond  lattice  which  would  be  observed  assuming  a  resolution 
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sufficient  to  observe  the  (111)  planes  of  spacing  2.06  A  but  not  the  (400)  planes.  The 
structure  in  Fig.  lb  is  representative  of  the  images  obtained  in  this  work.  It  is 
interesting  to  note  that  such  images  are  identical  to  those  which  would  be  obtained 
from  an  FCC  lattice.  For  certain  defects,  (111)  twins  and  intrinsic  stacking  faults  in 
particular,  the  loss  in  resolution  produces  no  change  in  the  symmetry  of  the 
defect.  The  abc  notation  utilized  to  designate  the  (111)  planes  in  this  case  has  been 
thoroughly  discussed  by  Hornstra.31 

Twins  and  Stacking  Faults 

In  the  diamond  structure,  the  perfect  crystal  can  be  identified  by  the  presence 
of  abcabc  type  stacking  as  indicated  in  Fig.  1.  In  a  twinned  crystal,  the  normal 
stacking  sequence  is  disturbed  on  a  single  layer  which  is  known  as  the  twin  (or 
mirror)  plane.  Then  the  stacking  sequence  becomes  abcba  where  the  c  plane  is  the 
mirror  plane.  A  schematic  of  such  a  defect  is  shown  in  Fig.  2a  where  the  mirror 
plane  is  designated  with  an  M  on  the  figure.  Fig.  2b  is  a  HREM  of  a  region  in  a 
diamond  crystal  where  a  single  (111)  twin  plane  is  present.  In  this  case,  it  does  not 
matter  if  we  are  imaging  the  atomic  columns  as  bright  or  dark  because  the  symmetry 
of  the  defect  remains  the  same.  Such  twins  were  observed  throughout  the  diamond 
films;  however,  in  some  regions  their  density  was  too  high  to  measure  using 
conventional  TEM  techniques  (i.e.,  multiple  twin  planes  within  50  (111)  spacings), 
whereas  other  local  regions,  up  to  ~2pm  in  diameter,  were  relatively  twin-free. 
Thus,  due  to  their  inhomogeneous  nature,  accurate  quantification  of  the  twin 
density  was  not  possible. 

In  addition  to  twins,  numerous  (111)  stacking  faults  were  observed  in  these 
films.  However,  the  high  density  of  other  defects,  especially  twins,  made  it  difficult 
to  image  the  stacking  faults  using  conventional  bright  field  TEM.  This  problem  was 
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avoided  by  using  weak  beam  dark  field  imaging  and  HREM.  Fig.  3a  shows  a 
representation  of  a  (111)  intrinsic  stacking  fault  in  the  diamond  structure  viewed  in 
a  [110J  projection  at  the  resolution  obtained  in  the  present  HREM  research.  In  Fig. 
3b,  an  intrinsic  stacking  fault  on  a  (111)  plane  is  labelled  SF  on  the  micrograph.  Note 
that  in  this  region  of  the  crystal,  three  twins  (denoted  by  M)  have  also  occurred. 
This  is  representative  of  the  high  defect  density  observed  in  certain  regions  of  the 
CVD  diamond. 

The  twins  and  stacking  faults  noted  above  are  important  defects  in  CVD 
diamond  because  their  density  is  extremely  high;  thus  it  is  expected  that  they  will 
play  an  important  role  in  the  electronic  properties  of  diamond  films.  High  densities 
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of  these  planar  defects  have  also  been  observed  in  natural  diamond  crystals.  ' 
Their  presence  in  CVD  diamond  films  can  be  attributed  to  the  relative  ease  with 
which  they 'can  be  nucleated  on  the  surface  when  the  growth  plane  is  (111).  A  60° 
rotation  of  a  single  atom  on  the  growth  surface  creates  a  hexagonal  nucleus  (boat 
configuration),32  which  when  extended  on  the  growth  surface  forms  either  a  twin  or 
a  stacking  fault  depending  on  the  position  of  the  atoms  in  the  next  plane  formed. 
Because  only  next  nearest  neighbors  are  affected  by  the  rotation,  this  defect  has  a 
relatively  low  formation  energy.  This  low  energy  of  formation  thus  explains  the 
extremely  high  density  of  these  planar  defects  which  is  observed  on  (111)  faceted 
crystals  such  as  MTPs.  Such  defects  are  more  difficult  to  nucleate  on  (100)  planes, 
and  lower  defect  densities  have  in  fact  been  observed  experimentally  in  (100)  faceted 
films.33  Thus,  in  order  to  eliminate  these  defects  in  CVD  diamond  films  it  may  be 
necessary  to  choose  growth  conditions  which  favor  (100)  faceted  films. 

In  addition  to  conventional  images  of  stacking  faults,  an  interesting  variation 
of  these  images  was  observed  in  the  HREMs  of  the  CVD  diamond  films  as  shown  in 
Fig.  4.  In  this  case,  the  (111)  planes  in  the  lattice  appear  to  be  stacked  on  top  of  one 
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another,  i.e.  in  an  aaa  type  arrangement.  In  region  A  of  Fig.  5,  this  is  observed  over 
four  (111)  planes  of  the  lattice,  and  in  region  B  a  shift  has  occurred  causing  only 
three  atomic  planes  to  be  stacked  in  this  manner.  It  is  tempting  to  attribute  this 
observation  to  an  unusual  defect  associated  with  the  unique  nature  of  carbon 
bonding,  i.e.,  an  sp^  or  sp*  layer  within  the  sp3,  diamond  matrix.  However,  a 
similar  structure  has  been  observed  in  Si  HREMs  and  was  shown  to  be  due  to  a 
simple  stacking  fault  when  viewed  under  certain  conditions  of  sample  thickness, 
beam  defocus,  and  beam  energy.  This  same  phenomena  is  presumed  to  be  the  cause 
of  the  present  images.  The  shift  observed  in  the  present  case  between  regions  A  and 
B  in  this  micrograph  is  related  to  changing  sample  thickness  along  the  fault.  The 
only  differences  between  the  Si  case  and  the  present  case  are  the  particular  values  of 
the  beam  defocus,  beam  energy,  and  sample  thickness  giving  rise  to  this 
phenomena. 

Due  to  the  numerous  intersections  of  twins  and  stacking  faults  on  different 
planes,  it  is  worthwhile  to  examine  such  interactions  more  closely.  In  order  to 
determine  the  nature  of  the  interaction  of  the  two  stacking  faults  shown  in  Fig.  5,  a 
Burgers  circuit  was  constructed  around  their  intersection.  This  follows  the  method 
used  by  Krivanek  to  examine  the  structure  of  extrinsic  stacking  faults  in  silicon 
produced  by  oxidation.34  However,  when  this  was  done  in  the  present  case  the 
Burgers  circuit  closed  upon  itself,  indicating  an  absence  of  any  Burgers  vector 
component  parallel  to  the  plane  of  the  micrograph.  Thus,  at  the  intersection,  only  a 
(1101  dislocation  could  be  present  which  would  be  perpendicular  to  the  plane  of  the 
micrograph  and  thus  undetectable  in  this  orientation.  This  is  consistent  with  the 
presence  of  a  stair-rod  dislocation  which  has  a  g{110J  Burgers  vector.  Such  a 
dislocation  is  formed  by  the  combination  of  the  two  partial  dislocations  which 
bound  the  stacking  faults.  Although  the  mechanism  of  this  formation  is  not  known 
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in  the  present  case  it  is  likely  that  it  is  created  when  twinned  regions  on  two 
different  (111)  planes  meet  during  growth. 

The  intersection  of  twins  was  also  a  common  observation  in  this  material.  In 
Fig.  6,  a  twin  labelled  A  on  the  micrograph  appears  to  have  climbed  across  several 
planes  to  avoid  crossing  another  twin  labelled  B.  Although  there  are  various 
distortions  and  apparent  secondary  twins  and  stacking  faults  which  complicate  the 
situation,  the  primary  observation  is  that  twin  B  terminates  at  the  position  labelled 
C  on  the  micrograph  instead  of  crossing  the  other  twin  boundary.  These 
intersections  are  interesting  since  it  has  been  shown  by  Dahmen35  et  al.  that 
hexagonal  silicon  can  be  formed  at  twin  intersections  formed  by  the  hot  indentation 
of  silicon.  However,  in  order  to  form  a  hexagonal  component,  two  {111}  twins  must 
completely  cross  each  other.  For  this  to  occur,  the  region  of  twin  intersection  must 
undergo  a  shear  transformation  which  results  in  the  formation  of  a  hexagonal 
phase;  however,  in  the  present  study,  this  has  not  been  observed.  In  fact,  twin 
boundaries  appear  to  climb  to  adjacent  planes  in  order  to  avoid  cross-twinning 
when  they  meet  another  twin.  Therefore,  no  evidence  has  been  seen  for  the 
presence  of  a  hexagonal  form  of  diamond  in  the  present  samples.  This  may  be  due 
to  the  origin  of  the  twins  and/or  the  high  bond  strength  of  the  diamond.  That  is, 
the  twins  are  believed  to  be  formed  during  growth  and  are  not  related  to  a  shear 
deformation  mechanism.  Furthermore,  even  if  thermal  stresses  are  present  during 
sample  cooling,  the  high  strength  of  the  diamond  lattice  may  prevent  the  shear 
mechanism. 

Multiply  Twinned  Particles 

A  TEM  micrograph  of  a  five  fold  MTP  is  shown  in  Fig.  7.  Fig.  7(a)  is  a  bright 
field  micrograph  showing  the  five  growth  sectors  comprised  of  tetrahedra  bounded 


by  (111)  planes  sharing  a  common  (110]  axis  and  twinned  relative  to  each  other.  The 
electron  beam  is  parallel  to  a  [110J  direction.  Fig.  7(b)  is  a  weak  beam  dark  field 
micrograph  imaged  by  using  a  (111)  diffracted  spot.  Twinned  regions  within  the 
sectors  which  are  in  a  diffracting  condition  appear  bright  (as  streaks)  since  the 
twinning  brings  these  regions  back  into  the  centered  diffracting  spot.  A  small 
secondary  sector  is  also  shown  twinned  relative  to  its  neighbors  and  labelled  as  A  in 
the  micrograph.  Perhaps  the  most  interesting  observation  from  this  micrograph  is 
the  absence  of  defects  near  four  of  the  five  major  twin  boundaries  which  separate 
the  sectors.  In  general,  many  defects  of  the  types  discussed  earlier  in  this  paper  are 
found  within  each  sector  as  seen  by  the  strong  lines  of  contrast  in  the  micrographs. 
Twins  on  intersecting  (111]  planes  parallel  to  the  major  twin  boundaries  separating 
the  tetrahedra  are  most  visible.  However,  in  the  regions  near  at  least  4  of  the  5 
major  twin  boundaries,  the  defect  density  is  significantly  reduced.  This  appears  to  be 
more  obvious  at  some  boundaries  than  at  others.  The  explanation  for  this 
phenomenon  is  believed  to  be  related  to  the  nature  of  these  boundaries  and  will  be 
discussed  in  following  paragraphs. 

A  HREM  micrograph  of  the  core  of  a  five  fold  MTP  and  a  schematic  of  the 
growth  sectors  are  shown  in  Figs.  8a  and  8b.  Contrary  to  the  previous  HREM 
investigation20  a  very  irregular  core  is  observed  due  to  interactions  with  secondary 
twins  and  apparent  "wandering"  of  the  primary  twins.  One  of  the  five  major  twin 
boundaries  was,  in  fact,  not  a  single  twin  boundary  at  all.  Rather,  it  is  an  extended 
boundary  consisting  of  multiple  parallel  twins.  This  is  indicated  on  the  schematic 
in  Fig.  8b  and  can  also  be  seen  in  the  HREM  of  the  core  region  shown  in  Fig.  8a.  It  is 
speculated  that  at  the  true  nucleus  of  the  MTP  a  perfect  core  exists;  however,  as  the 
particle  grows  the  core  is  distorted.  In  this  way,  the  overall  five  fold  symmetry  is 
maintained  by  the  earlier  growth;  however,  due  to  sample  preparation  for  the  TEM, 
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only  the  irregular  core  which  is  some  distance  from  the  nucleus  is  left  for 
observation.  This  is  shown  schematically  in  Fig.  9.  If  this  were  not  the  case  (i.e.,  if 
the  irregular  core  was  actually  the  nucleus)  it  is  difficult  to  envision  why  a  five  fold 
MTP  would  form  and  none  of  the  nucleation  mechanisms  previously  discussed 
would  be  applicable. 

As  previously  discussed,  a  five  fold  MTP  must  accommodate  approximately 
7.5°  of  misfit.  In  the  central  core  of  the  particle  this  misfit  has  been  shown  to  be 
accommodated  by  elastic  strain.  At  the  center  of  the  elastically  strained  core  region 
the  five  twin  boundaries  come  together,  forming  a  defect  which  has  been  referred  to 
as  a  star  disclination.36  In  the  case  of  Si,  a  low  angle  grain  boundary  then  forms  in 
one  of  the  sectors  as  the  particle  grows  larger  than  some  critical  diameter.  In  some 
cases,  the  MTPs  have  been  seen  to  be  unstable  after  a  second  critical  size,25 
transforming  to  irregular  shapes  presumably  due  to -the  strain  from  this  misfit.  In 
the  present  case,  the  particle  shown  in  Fig.  8  accommodated  most  of  its  misfit  in  two 
of  the  five  major  twin  boundaries  present  as  shown  schematically  in  Fig.  10.  The 
angles  between  (111)  planes  is  also  shown  in  this  schematic  and  indicates  that 
within  the  error  of  the  measurement  (-0.2°),  the  misfit  is  located  entirely  at  these 
twin  boundaries.  (A  perfect  tetrahedron  contains  an  angle  of  70.5°  between  the  (111) 
planes.)  To  accommodate  this  misfit  these  two  twin  boundaries  contain  series  of 
dislocations.  An  HREM  of  the  boundary  accommodating  most  of  the  misfit  in  the 
present  case  is  shown  at  two  different  magnifications  in  Figs.  11a  and  lib. 
Approximate  locations  of  dislocations  are  indicated  by  the  arrows.  The  frequency  of 
these  dislocations  is  related  to  the  amount  of  misfit  which  is  accommodated  at  the 
twin.  Based  on  a  repeat  distance  of  eight  spadngs  between  these  dislocations  a  misfit 
angle  of  approximately  7.18°  can  be  calculated  by  simple  geometric  considerations. 


This  correlates  well  with  the  angle  of  7.0°  (Fig.  10)  measured  directly  from  the  (111) 
planes  in  the  growth  sectors. 

The  presence  of  dislocations  along  the  twin  boundary  may  be  viewed  as  the 
superposition  of  a  low  angle  grain  boundary  and  a  twin  boundary.  Thus,  a  more 
descriptive  name  is  perhaps  a  "tilted  twin  boundary"  (TTB).  Although  the 
dislocations  occur  at  the  termination  of  a  (111)  plane  in  the  TTB,  conventional 
Burgers  vector  analysis  is  not  applicable  for  these  dislocations  since  they  are  located 
between  two  crystals  with  different  orientations(i.e.,  twinned  relative  to  each  other). 
The  O-lattice  theory,37  which  interprets  a  crystalline  interface  as  a  dislocation 
network,  can  be  utilized  to  extend  Burgers  vector  analysis  to  this  case.  The 
dislocations  within  a  crystal  boundary  are  defined  as  the  intersections  of  the 
boundary  surface  with  the  O-lattice  cell  walls.  However,  a  detailed  analysis  of  this 
kind  is  beyond  the  scope  of  the  present  manuscript. 

An  interesting  phenomenon  which  occurs  at  these  tilted  twin  boundaries  is 
shown  in  Fig.  lib.  It  can  be  seen  that  a  twin  has  intersected  the  TTB  in  the  region 
labelled  A,  causing  it  to  change  direction  locally  in  order  to  maintain  its  low  energy 
configuration.  This  change  allows  the  TTB  to  follow  the  (111)  plane  in  the  twinned 
crystal  but  causes  significant  distortion  of  the  lattice  in  the  untwinned  crystal  located 
across  the  TTB  from  the  twin.  A  boundary  dislocation  can  be  seen  eight  (111)  lattice 
spacings  below  the  intersecting  twin  where  the  TTB  has  recovered  from  the 
distortion  caused  by  the  intersecting  twin.  In  the  intersecting  region  it  is  not 
appropriate  to  discuss  dislocation  frequency  because  the  (111)  planes  are  no  longer  in 
a  low  angle  relationship.  As  in  the  case  of  intersecting  twins  studied  by  Dahmen,35 
at  the  intersection  of  the  TTB  and  the  secondary  twin  it  appears  that  the  (111)  plane 
of  the  sector  is  matching  with  the  (ll5)  of  the  twinned  region  as  shown 
schematically  in  Fig.  12. 


41 


It  was  observed  in  relation  to  Fig.  8  that  near  some  of  the  major  twin 
boundaries  in  a  five  fold  MTP  the  defect  density  is  greatly  reduced  compared  to  the 
central  regions  of  each  of  the  twin  sectors.  This  is  a  very  interesting  observation 
which  may  provide  insight  into  achieving  higher  quality  diamond  growth  when 
the  mechanistic  causes  of  this  phenomenon  are  thoroughly  understood.  Although 
the  study  necessary  for  such  an  understanding  is  beyond  the  scope  of  the  present 
research,  some  speculations  are  useful.  This  phenomenon  may  be  related  to  the 
nature  of  the  tilted  twin  boundaries  in  the  MTP.  That  is,  in  a  TTB  there  are  a  series 
of  dislocations  to  accommodate  the  misfit  present  in  the  MTPs.  These  dislocations 
may  form  at  the  expense  of  the  internal  defects  near  the  boundary.  Similarly, 
dislocations  of  opposite  sign  can  annihilate  each  other  and  a  series  of  dislocations 
can  eliminate  a  microtwin.  Thus,  although  the  details  are  not  understood  at  this 
time,  it  may  be  that  the  interactions  of  the  TTB  and  the  dislocations  therein  with  the 
surrounding  matrix  material  significantly  decrease  the  defect  density  nearby.  It  is 
also  possible  that  the  presence  of  the  TTBs  helps  alleviate  stresses  during  growth  by 
decreasing  the  confinements  or  constraints  on  the  crystal  in  this  region.  That  is,  the 
presence  of  a  semi-free  boundary  in  this  region  dissipates  some  of  the  stresses  which 
occur  during  growth  due  to  improper  incorporation  of  atoms,  thermal  fluctuations, 
etc.  This  may  eliminate  the  need  for  defects  to  form  in  this  region  in  order  to 
accommodate  these  stresses.  The  major  problem  with  these  approaches  is  that  the 
"defect-free"  regions  appear  to  be  present  near  boundaries  with  minimal  dislocation 
densities  (i.e.,  near  the  "perfect"  twin  boundaries  rather  than  just  near  the  tilted 
twin  boundaries).  This  suggests  that  the  "growth  geometry"  near  the  twin 
boundaries  may  be  responsible.  For  example,  this  boundary  may  be  acting  as  a 
nucleation  site  which  does  not  allow  twinned  diamond  (i.e.,  boat  vs  chair 
configurations)  to  form.  This  could  be  likened  to  off-axis  growth  in  epitaxy  which 
prevents  double  positioning  boundaries  by  constraining  the  atomic  sites  which  may 
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incorporate  new  species.  These  general  speculations  are  currently  being  investigated 
but  further  refinement  is  not  yet  possible.  However,  it  is  clear  that  near  some  of  the 
major  twin  boundaries  the  defect  density  is  greatly  reduced.  This  minimization  of 
defects  which  naturally  occurs  in  these  MTPs  may  be  a  clue  to  a  method  of 
decreasing  the  defect  density  in  diamond  films  which  do  not  consist  of  MTPs. 

Conclusions 

High  resolution  electron  microscopy  (HREM)  has  been  utilized  to  lattice 
image  individual  defects  in  polycrystalline  diamond  films.  Numerous  twins  and 
stacking  faults  were  observed,  including  their  intersections.  Five  fold  multiply 
twinned  particles  have  been  observed  and  it  was  found  that  the  7.5°  misfit  present 
in  such  particles  has  been  accommodated  at  the  twin  boundaries  rather  than  by 
elastic  deformation.  This  creates  a  twin  boundary  coincident  with  a  low  angle  grain 
boundary  which  has  been  termed  a  "tilted  twin  boundary".  The  density  of  defects  in 
these  particles  is  generally  high;  however,  a  dramatic  reduction  in  the  defect  density 
near  the  twin  boundaries  was  observed.  This  defect  reduction  is  significant  because 
if  its  origin  can  be  determined,  this  information  may  be  useful  in  producing  higher 
quality  diamond  films. 
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List  of  Figures 

1.  (a)  Schematic  diagram  of  the  [110]  projection  of  the  diamond  structure. 

(b)  Schematic  diagram  of  the  [1 10J  projection  of  the  diamond  structure  observed 
with  limited  resolution. 

2.  (a)  Schematic  of  the  stacking  sequence  where  a  single  (111)  twin  plane  is 

present. 

(b)  HREM  of  a  region  in  a  diamond  crystal  where  a  single  {111)  twin  has 
occurred. 

3.  (a)  A  schematic  representation  of  a  {111)  intrinsic  stacking  fault  in  the  diamond 

structure  viewed  in  a  {110]  projection  with  limited  resolution. 

(b)  A  HREM  micrograph  in  a  region  in  a  diamond  crystal  where  a  single  {111) 
stacking  fault  (indicated  as  SF)  and  several  {111)  twins  (indicated  by  M)  were 
observed. 

4.  A  HREM  micrograph  of  a  stacking  fault  where  the  imaging  conditions  cause 
apparent  AAA  stacking. 

5.  A  HREM  micrograph  of  a  region  in  which  two  stacking  faults  lying  on 
different  {111)  planes  have  intersected. 

6.  A  HREM  micrograph  region  where  twins  on  different  {111)  planes  are 
intersecting. 

7.  (a)  A  bright  field  micrograph  of  an  MTP  comprised  of  tetrahedra  bounded  by 

(111)  planes  sharing  a  common  [110]  axis  and  twinned  relative  to  each  other. 

(b)  A  centered  weak  beam  dark  field  micrograph  imaged  by  using  a  (111) 
diffracted  spot. 

8.  (a)  A  HREM  micrograph  of  the  core  of  a  five  fold  MTP. 

(b)  A  schematic  of  the  growth  sectors  of  the  MTP  in  Fig.  8a. 

9.  Schematic  of  an  MTP  which  has  been  sectioned  to  illustrate  the  effect  of 
thinning  on  the  image  of  the  MTP  core. 

10.  Schematic  of  low  angle  grain  boundaries  in  MTP  with  angles  between 
different  {111)  planes. 

11.  (a)  HREM  micrograph  of  tilted  twin  boundary. 

(b)  HREM  micrograph  of  tilted  twin  boundary  at  higher  magnification. 
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12. 


Schematic  diagram  of  the  above  region  showing  matching  of  the  (ll5)  of  the 
twinned  region  with  the  (111)  of  the  other  sector. 
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Figure  6. 
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The  carbon  bonding  configurations  of  films  prepared  by  plasma  excited 
deposition  of  methane  diluted  with  hydrogen  are  examined  by  Raman 
spectroscopy.  In  the  limits  of  methane  concentrations  less  than  1%  the  films 
show  predominant  diamond  character  while  for  methane  concentrations 
greater  than  3%,  Raman  spectra  are  similar  to  those  of  microcrystalline  or 
disordered  graphite.  At  concentration  of  2%,  near  the  onset  of  diamond 
formation,  a  new  feature  is  detected  which  exhibits  a  frequency  similar  to  that 
expected  for  amorphous  or  microcrystalline  diamond 


It  is  well  known  that  graphite  is  the  stable  solid  state  crystalline  form  of  carbon  at 
ambient  temperature  and  pressure.  Recent  advances  in  CVD  growth  methods  have 
demonstrated,  however,  the  formation  of  films  with  crystalline  diamond  structures.  [1,2] 
Other  studies  have  shown  that  it  is  possible  to  dope  diamond  crystals.  With  the  high 
electron  mobility  and  wide  bandgap  of  diamond,  the  new  advances  suggest  that  these 
films  may  form  the  basis  for  furore  high  temperature  semiconductors. 

Successful  growth  techniques  have  used  mixtures  of  hydrocarbon  gases  and 
hydrogen  in  various  CVD  methods.  Under  different  deposition  conditions,  the  films 
exhibit  properties  characteristic  of  graphite  or  diamond.  Raman  spectroscopy  has  proved 
to  be  one  of  the  most  useful  experimental  characterizations  of  the  carbon  bonding 
configurations  in  the  films.[3,4]  In  this  study  we  employ  Raman  scattering 
characterization  of  a  series  of  films  prepared  under  various  deposition  conditions.  The 
focus  is  to  determine  the  atomic  bonding  configurations  of  the  carbon  in  the  films. 

Films  were  prepared  by  plasma  excited  CVD  process.  Methane  was  diluted  with 
hydrogen  and  excited  with  microwaves.  The  microwaves  heated  the  substrate  to  ~800°C 
and  caused  a  plasma  of  the  gases  around  the  sample.  Because  of  the  high  substrate 
temperature,  the  films  exhibited  less  than  1  at  %  H.  The  pressure  in  the  chamber  was  ~30 
torr  with  a  flow  of  100  seem.  For  methane  concentrations  less  than  1%  film  growth  rates 
of  ~0.2p.rn/hr  were  obtained  while  for  methane  concentrations  >2  %,  growth  rates  of 
1  pm/hr  were  obtained.  The  films  were  all  deposited  on  Si<100>  substrates  which  had 
been  polish  roughened  to  increase  the  nucleation  density. 


62 


The  Raman  spectra  were  obtained  in  a  backscatter  configuration  using  514.5nm 
At  ion  laser  radiation.  The  scattered  light  was  dispersed  with  a  computer  controlled  triple 
monochromator  and  detected  with  a  photomultiplier. 

An  important  aspect  of  the  Raman  spectra  is  that  the  modes  due  to  3-fold 
coordinated  bonding  in  crystalline,  microcrystalline  and  amorphous  graphite  occur  at  a 
higher  frequency  than  the  characteristic  1332cm*  *  mode  of  crystalline  diamond.  [4]  This 
is  because  the  3-fold  coordinated  materials  exhibit  stronger  bonding  between  nearest 
neighbors  than  4-fold  coordinated  diamond.  The  spectrum  of  microcrystalline  graphite 


Fig.  1  The  Raman  spectra  of  carbon 
films  on  Si  produced  by  CVD. 
Samples  a)  and  b)  were  deposited  using 
microwave  CVD  while  sample  c  was 
produced  using  remote  plasma 
enhanced  CVD.  The  dotted  line 
represents  the  Raman  spectrum  of 
amorphous  tetrahedrally  coordinated 
diamond  and  was  obtained  by  scaling 
the  spectrum  of  a-Si  to  the  diamond 
frequency. 


METHANE  DEPENDENCE 
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Fig.  2  The  Raman  spectra  of 
carbon  films  produced  with  different 
methane  concentrations.  The  just 
nucleated  film  shows  incomplete 
coverage. 
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exhibits  a  peak  at  1 355cm'  1  which  is  close  in  frequency  to  that  of  diamond.  Extensive 
studies  have  correlated  this  feature  with  a  peak  in  the  density  of  states  of  graphite  [5],  and 
it  is  further  noted  that  the  highest  frequency  mode  of  diamond  is  at  ~1 332cm*  1  and  would 
require  a  stress  of  over  50  kbar  to  shift  to  1355  cm*1  [6]. 

We  consider  now  the  results  of  a  series  of  carbon  films  produced  by  the 
microwave  CVD  growth  process.  The  results  are  shown  in  Fig.  1.  One  of  the  most 
striking  aspects  is  that  the  spectrum  of  the  sample  produced  at  0.5%  methane  is 
dominated  by  a  peak  at  1332cm*  1  which  is  an  indication  of  crystalline  diamond 
formation.  The  broad  peak  centered  at  1500cm*  1  is  similar  to  that  of  amorphous 
graphite.  We  would  suggest  that  this  indicates  the  presence  of  disordered  3-fold 
coordinated  carbon.  An  important  aspect  that  is  not  evident  in  the  spectrum  is  that  there  is 
a  broad  luminescence  background  which  displays  a  strong  peak  at  ~1.68eV.  Previous 
studies  have  assigned  a  similar  feature  to  the  neutral  vacancy  in  diamond.  Since  graphitic 
regions  would  act  as  non-radiative  recombination  centers,  the  presence  of  luminescence 
suggests  that  well  ordered  diamond  regions  are  larger  than  the  exciton  size. 

The  samples  produced  at  higher  methane  concentrations  are  dominated  by  a  series 
of  spectral  components  extending  from  1300  to  1600  cm*1.  Close  examination  of  the 
film  produced  with  2%  methane  indicates  that  the  feature  at  1 332cm*  1  is  weakly  present 
as  are  features  centered  at  1355,  1500  and  1590  cm*1 .  The  1355  and  1590  cm*1  features 
are  similar  to  the  features  of  microcrystalline  graphite  [4,3],  and  indeed  the  sample 
produced  by  low  pressure  remote  plasma  CVD  is  dominated  by  these  features.  The 
feature  at  1500  cm*1  is  similar  to  amorphous  graphite  and  indicates  the  presence  of  these 
structures.  Thus  these  features  indicate  the  presence  of  3-fold  bonded  carbon  structures 
in  addition  to  the  diamond  structures.  Previous  measurements  have  found  that  the 
absolute  cross  section  of  graphite  is  50  rimes  stronger  than  that  of  diamond  [7],  thus  the 
samples  may  still  exhibit  a  large  percentage  of  diamond. 

One  spectral  feature  that  cannot  be  simply  accounted  for  is  that  at  1 140cm*1.  This 
feature  is  most  evident  for  conditions  were  the  onset  of  crystalline  diamond  formation  is 
detected.  The  Raman  spectra  of  a  series  of  samples  with  similar  preparation  conditions 
but  different  methane  ratios  are  shown  in  Fig.  2.  The  spectrum  of  a  just  nucleated  film 
which  has  incomplete  surface  coverage  is  also  shown.  At  lower  methane  concentrations 
where  diamond  film  growth  dominates,  the  feature  is  no  longer  detected.  For  very  thin 
film  depositions  (Fig  2d)  the  1 140  cm*1  feature  becomes  very  broad.  Thus  the  1 140  cm* 

1  feature  occurs  at  the  onset  of  diamond  formation,  and  appears  to  be  a  precursor  to  the 
formation  of  crystalline  diamond. 


While  amorphous  tetrahedral  semiconducting  films  of  Si  and  Ge  have  been 
produced  for  many  years,  amorphous  tetrahedrally  coordinated  C  films  have  not  been 
produced  and  measured.  Because  the  phonon  dispersion  curves  of  Si  and  diamond  are 
similar  in  general  form,  we  can  use  the  spectra  of  a-Si  to  model  the  expected  results  for 
the  Raman  spectrum  of  "amorphous  diamond."  The  Raman  spectra  of  a*Si  has  been 
scaled  by  the  ratio  of  the  Raman  frequencies  of  crystalline  diamond  and  silicon  (ie. 
1332/520),  and  the  results  are  also  shown  in  Fig.  1.  An  important  aspect  is  that  the  peak 
due  to  amorphous  or  microcrystalline  4-fold  coordinated  carbon  will  occur  at  frequencies 
less  than  1332cm*  A  The  1 140cm*  1  feature  exhibits  a  strong  correspondence  to  that  of 
"amorphous  tetrahedral  carbon."  A  similar  analysis  of  microcrystalline  diamond  would 
yield  a  peak  at  a  similar  frequency  for  microcrystalline  domains  <50A.  We  suggest  that 
this  feature  then  is  due  to  the  presence  of  disordered  4-fold  carbon. 

The  11 40cm*  1  feature  is  most  evident  for  less  than  ideal  diamond  growth 
conditions.  The  samples  have  considerable  3-fold  carbon  concentrations  and  grow  with 
higher  deposition  rates  than  ideal  growth  conditions.  It  is  likely  that  the  disordered 
diamond  structures  form  on  graphitic  surfaces  and  then  act  as  nucleation  sites  for 
crystalline  diamond  growth. 
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Abstract 

The  growth  of  diamond  films  on  (001)  Si  substrates  by  bias  controlled  chemical  vapor 
deposition  is  described.  The  film  quality  as  judged  by  Raman  spectroscopy  and 
scanning  electron  microscopy  depends  strongly  on  the  biasing  conditions.  Under  low 
current  reverse  bias  conditions,  highly  facetted  cubooctahedral  diamond  growth 
exhibiting  a  single  sharp  Raman  line  at  1332  cm‘1  was  obtained,  while  biasing  in  high 
current  conditions  which  created  a  plasma  resulted  in  multiply  twinned, 
microcrystalline  growth  incorporating  sp^  bonded  carbon  into  the  diamond  film. 
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Diamond  films  and  particles  have  been  grown  by  various  deposition  methods 
such  as  thermal  dissociation  chemical  vapor  deposition  (CVD)l'?,  plasma  assisted 
CVD^/4,  electron  assisted  CVD®'®,  rf  sputtering?  and  ion  beam  deposition.®  A 
major  direction  in  diamond  research  has  been  towards  achieving  high  growth  rates 
for  coating-orientated  technology.®'®'^  Also,  attempts  are  underway  to  obtain  the 
heteroepitaxial  deposition  of  single  crystalline  films  on  Si  and  various  metal  and 
compound  substrates.  In  both  of  these  key  areas,  charged  species,  especially  electrons, 
may  play  a  significant  role  during  the  hot  filament  CVD  of  diamond.  For  example, 
electrons  may  damage  the  surface  of  diamonds'll  or  they  may  accelerate  the 
decomposition  of  H2  and  CH4®,  yielding  opposite  effects  in  terms  of  film  quality.  In 

the  present  research  a  controlled  bias  is  applied  to  the  substrate  and  the  filament  to 
examine  such  effects.  The  conditions  which  result  in  a  clean,  facetted  growth 
morphology  and  a  sharp  Raman  spectra  characteristic  of  pure  diamond  are 
described. 

Figure  la  is  a  schematic  of  the  experimental  arrangement  of  the  Bias  Controlled 
Chemical  Vapor  Deposition  (BCCVD)  system  utilized  in  the  present  research  which 
is  similar  to  conventional  thermal  CVD  systems  reported  in  the  literature.1'? 
However,  means  have  been  added  for  independent  biasing  of  the  substrate  and  the 
filament  with  regard  to  the  grounded  walls  of  the  growth  chamber.  A  gas  mixture  of 
methane  and  hydrogen  is  introduced  above  a  hot  tungsten  filament.  The  ratio  of 
methane  to  hydrogen  can  be  set  from  0%  to  10%  independently  of  total  flow  (25  to 
400  seem)  and  pressure  (0.5  to  13  kPa).  Below  the  filament  the  substrates  rest  upon  a 
removable  55  mm  diameter  molybdenum  holder  which  is  mounted  on  a  boron 
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nitride  encapsulated  substrate  heater.  A  linear  manipulator  allows  the  position  of 
the  substrate  with  respect  to  the  filament  to  be  varied  between  8  and  75  mm. 

In  this  particular  series  of  experiments,  only  the  bias  was  varied.  The  methane 
ratio  was  fixed  at  3%  ,  total  flow  at  100  seem,  and  pressure  at  3.3  kPa.  Also  filament 
temperature  (Tf)  was  adjusted  to  1930°C,  substrate  temperature  held  at  850°C  and 

filament  to  substrate  distance  set  at  8  mm.  Silicon  (001)  substates  polished  with  0.25 
pm  diamond  paste,  were  used  as  a  standard  substrate.  The  deposited  films  were 
characterized  by  scanning  electron  microscopy  (SEM)  and  Raman  spectroscopy.1 2,1 3 

Initial  experiments  involved  the  variation  of  the  filament  bias  voltage  and 
substrate  bias  voltage  independently  relative  to  the  grounded  chamber.  However,  it 
was  found  that  the  current  depended  primarily  on  the  potential  difference  (AV) 
between  the  filament  and  substrate  due  to  the  highly  resistive  path  to  the  chamber 
walls  which  were  on  the  order  of  3  cm  away.  The  current  is  plotted  relative  to  this 
AV  in  Figure  lb.  As  expected,  the  system  behaves  like  a  diode1 4due  to  the  high 
temperature  of  the  filament  which  easily  ejects  electrons  vs.  the  low  temperature  of 
the  substrate  which  does  not  allow  the  electrons  to  escape  easily.  Thus,  "forward" 
bias  (positive  AV  in  Fig.  lb)  occurs  when  the  substrate  is  held  at  a  positive  potential 
relative  to  the  filament.  At  high  reverse  and  forward  bias  the  sudden  increase  in 
current  and  its  hysterysis  indicate  the  formation  of  a  DC  plasma.  Furthermore,  a 
weak  glow  was  observed  under  reverse  biasing  conditions  when  the  filament  was 
turned  off. 

Typical  SEM  micrographs  of  the  deposited  diamond  particles  and  films  on  the  Si 
substrates  are  also  shown  in  Figure  2.  The  potential  difference  between  the  substrate 
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and  the  filament  is  given  in  the  figure  caption.  Different  biasing  conditions 
introduced  differences  in  the  growth  morphology.  Under  conditions  which  created 
a  DC  plasma  during  forward  bias  [i.e.,  more  positive  substrate  voltage.  Vs,  and  a 
negative  current  I  (electrons  flowing  into  substrate)]  and  reverse  bias  (more  positive 
filament  voltage,  Vf )  multiply  twinned1 5,  microcrystalline  particles  are  dominant 
as  shown  in  Figures  2a  and  d,  respectively.  In  addition,  under  the  reverse  bias 
plasma  conditions,  nucleation  was  very  nonuniform  suggesting  that  nudeation 
sites  have  been  altered  in  some  way,  inhibiting  nucleation.  In  contrast,  for  the  case 
of  reverse  biasing  below  the  plasma  forming  region  (i.e.,  low  current  reverse  bias, 
figure  2c)  and  in  the  case  of  a  grounded  potential  (i.e.,  AV=0)  only  highly  facetted 
cubooctahedral  partides  are  observed. 

The  corresponding  Raman  spectra  shown  in  Figure  3  indicate  that  in  the  low 
current  reverse  biasing  condition  (Figure  3c),  only  the  1332  cm'1  diamond  line  is 
observed.  The  broad  band  normally  located  at  ~1500  cm-1  associated  with  a  sp^ 
bonded  graphitic  phase  is  absent.  Furthermore,  this  sample  exhibited  a  full  width  at 
half  maximum  (FWHM)  of  the  1332  cm"1  Raman  peak  which  is  more  narrow  (£  5 
cm'1)  than  any  of  the  other  samples.  On  the  other  hand,  samples  grown  under 
conditions  which  generated  a  plasma  contain  a  significant  sp2  component  as  shown 
in  Figures  3a  and  3d.  Research  is  continuing  to  determine  possible  causes  of  this 
phenomena. 

From  these  results,  we  conclude  that  biasing  which  creates  a  DC  plasma 
significantly  deteriorates  the  film  quality.  In  contrast,  low  current  reverse  biasing 
conditions  which  reduce  electron  flux  suppress  the  formation  of  an  sp2  bonded 
phase.  It  is  supposed  that  this  is  due  to  a  decrease  in  electron  and  ion  bombardment 
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of  the  sample  during  the  low  biasing  conditions  which  minimizes  surface  damage 
during  growth.  It  may  also  be  possible  that  electron  flux  from  the  substrate  and 
substrate  holder  surface  accelerates  the  decomposition  of  H2  into  atomic  hydrogen 
in  the  vincity  of  the  surface,  and  thereby  suppress  the  sp2  bonded  phase.  The 
quantitative  analysis  of  these  films  is  currently  in  progress. 
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Figure  Captions 

Fig.  1.  (a)Schematic  diagram  of  BCCVD  system  which  is  similar  to  a 
hot  filament  CVD  system  to  which  biasing  capabilities  have  been  added. 

(b)I-V  characteristic  of  BCCVD  System  showing  the  diode 
nature  of  this  arrangement.  Samples  are  labelled  bn  the  plot  as  a,  b,  c, 
and  d. 

Fig.  2.  SEM  images  of  diamond  thin  films  on  Si  grown  for  3  hours 
under  different  biasing  conditions:  (a)  Vf  =  0  V,  Vs  =  150  V,  I  *  -125  mA, 
(b)  Vf  =  0V,Vs  =  0V,I  =  -10pA,(c)Vf=150V,Vs  =  0V,I  =  5pA,(d)Vf 
=  180  V,  Vs  =  0V,I  =  60mA. 

Fig.  3.  Raman  spectra  of  diamond  thin  films  grown  under  different 
biasing  conditions.  Sample  designations  (a)  -  (d)  are  the  same  as  in  figure 
2.  FWHM  of  (a)  14.0  cm'l,  (b)  5.7  cm"*,  (c)  5.0  cm~l,  (d)  13.0  cm'l 
(Raman  conditions:  .5145  nm  Ar+  laser,  2  cm  x  2  mm  sampling  area,  2 
cm-1  slit  width). 
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ABSTRACT.  B  doped  diamond  films  were  synthesized  by  microwave  plasma  CVD. 
and  the  crystal  quality  and  the  electrical  properties  were  investigated.  From  SEM. 
clear  facets  were  observed  and  X-ray  diffraction  data  showed  that  only  the  diamond 
phase  was  present.  Raman  spectroscopy  verified  the  presence  of  diamond  and 
indicated  that  the  crystal  quality  increased  when  B  is  incorporated  in  the  films  up  to 
400  ppm.  SIMS  analysis  showed  that  on  the  order  of  1020/cm?  (564  ppm)  of  B  was 
incorporated  in  the  diamond  film  with  a  gas  phase  B/C  ratio  of  400  ppm.  Electrode 
patterns  of  Pt  were  fabricated  on  the  films  and  electrical  properties  were 
investigated.  Undoped  diamond  films  showed  rectifying  contacts  with  small  leakage 
currents  and  B  doped  diamond  films  with  a  B  concentration  of  400  ppm  showed  ohmic 
behavior.  The  B  in  these  films  had  small  activation  energies,  which  indicates  that 
impurity  band  conduction  plays  an  important  role. 


1  Introduction 

Diamond  can  be  considered  a  semiconductor  with  a  very  wide  band  gap  (=5.4  eV) 
and  ha.,  a  variety  of  useful  properties  [1]-(3|,  such  as  high:  (a)  thermal  conductivity 
(2,000  W/K  m),  (b)  carrier  mobility,  (c)  breakdown  voltage,  (d)  drift  velocity,  and  (e) 
radiation  hardness.  Therefore,  it  is  expected  to  be  useful  for  power  devices,  high 
speed  devices,  and  devices  used  at  high  temperature  and  in  radiation  intensive 
environments.  As  a  consequence,  many  articles  on  the  electrical  properties  of  bulk 
semiconductive  diamond  have  been  published  .|4J-[7J  Unfortunately,  the  scarcity 
and  expense  of  such  diamond,  as  well  as  the  necessity  of  utilizing  thin  films  for  many 
of  the  aforementioned  devices,  has  limited  the  continued  research  and  development 
of  this  area.  Recently,  however,  renewed  interest  has  been  generated  by  the 
successful  chemical  vapor  deposition  (CVD)  of  diamond  by  various  vapor  phase 
methods. (8|-(  10]  In  fact,  it  has  been  shown  that  semiconductive  p  type  diamond 
films  can  be  grown  when  B  is  introduced  into  the  films.f  1 1 J-1 131  These 
achievements  are  key  technologies  for  the  fabrication  of  devices  and  has  further 
accelerated  research  in  this  area.  However,  although  numerous  studies  of  the 
electrical  properties  of  bulk  diamond  have  been  conducted,  the  electrical  properties  of 
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B  doped  polycrystalline  diamond  films  have  not  been  investigated  thoroughly.  Thus, 
in  the  present  research,  B  doped  diamond  films  were  grown  by  microwave  CVD  and 
investigated  by  scanning  electron  microscopy  (SEM),  X  ray  diffraction,  Raman 
spectroscopy,  Secondary  Ion  Mass  Spectroscopy  (SIMS),  current-voltage 
characteristics  (I-V  characteristics),  and  resistivity  measurements. 


2  Experimental 

B  doped  diamond  films  were  grown  on  polycrystalline  AI2O3  substrates  with 
dimensions  of  20  mm  X  10  mm  by  microwave  plasma  CVD.  AI2O3  substrates  were 
employed  due  to  their  high  resistivity  which  allowed  electrical  measurements  to  be 
made  without  influences  from  the  substrates.  The  detailed  features  of  this 
apparatus,  experimental  procedures  and  preparation  of  substrates  are  given  in 
reference  |14|.  To  grow  B  doped  diamond  films,  CH4,  H2  and  B2H6  gases  were 
employed.  The  concentration  of  CH4  was  0.5  7c  and  B2H6  concentrations  ranged  from 
1  ppm  to  0.1  ppm  in  the  gas  phase,  which  are  equal  to  B/C  ratios  from  400  ppm  to  40 
ppm.  For  the  remainder  of  this  paper,  B  concentrations  will  be  given  as  ppm  of  B 
relative  to  C  in  the  gas  phase  as  determined  by  mass  flow  measurements.  The 
growth  temperature  was  800  °C  and  the  gas  pressure  was  31.5  Torr.  The  films 
were  deposited  for  7  hours  and  the  film  thickness  obtained  was  approximately  1.4 
pm. 

These  specimens  were  cut  into  5  mm  X  5  mm  samples  using  a  diamond  saw  and 
then  cleaned  in  H2SO4  at  approximately  70°C  for  10  minutes,  followed  by  a 
conventional  RCA  clean.|15/  As  a  Final  cleaning  step,  specimens  were  dried  in  an 
oven  at  120  °C  for  5  minutes  to  eliminate  moisture  on  the  diamond  films,  otherwise, 
the  Pt  metal  utilized  for  electrical  contacts  (see  below)  would  sometimes  separate 
from  the  diamond  when  an  ultrasonic  cleaning  was  performed. 

Electrode  patterns  were  fabricated  on  the  diamond  films  by  conventional 
photolithography  and  Pt  electrodes  were  deposited  on  the  films  by  RF  sputtering. 
The  RF  power  was  100  W  and  the  gas  pressure  was  10  mTorr.  The  film  thickness  of 
the  deposited  Pt  was  about  2,000  A.  Lift-off  was  utilized  to  achieve  the  final  pattern 
consisting  of  circular  dots  with  diameters  of  100  pm  separated  from  the  surrounding 
metal  by  an  open  annulus.  Electrical  ground  was  made  on  the  same  side  of  the 
specimen.  There  are  several  reasons  for  choosing  Pt  as  the  contact  material:  (a)  Pt 
has  a  large  work  function  (5.7  eV)  1161,  thus  it  should  facilitate  the  achievement  of 
ohmic  contacts  on  p  type  diamond  films  |16],  (b)  Pt  is  inert  in  air,  therefore,  should 
yield  stable  contacts  and,  (c)  perhaps  most  importantly,  Pt  yielded  the  minimum 
contact  resistivity  of  the  metals  which  were  investigated  for  the  present  study, 
including  as-deposited  Ni,  A1  and  TaSi2. 

To  obtain  atomic  B  concentration,  B  was  implanted  into  undoped  diamond  films 
synthesized  by  the  same  growth  conditions  as  B  doped  CVD  grown  films  and  they 
were  used  as  standards  during  SIMS  measurements. 


3  Results  and  Discussions 

3.1  MATERIAL  CHARACTERIZATION 

Surface  morphology  was  observed  via  scanning  electron  microscopy  (S-530, 
Hitachi  Co  ).  Figure  I  shows  the  surface  morphology  of  a  B  doped  diamond  film  with 
a  B/C  ratio  of  400  ppm.  Clear  (Ill)  facets  and  five  fold  multiply  twinned  particles 
can  be  seen.  It  was  found  that,  for  B/C  ratios  from  0  to  400  ppm,  no  differences  in 
this  morphology  could  be  observed.  Furthermore,  X-ray  diffraction  indicated  that 
diamond  was  the  only  structure  present  in  the  films  up  to  400  ppm  of  B.  However, 
when  the  B/C  ratio  was  greater  than  4,000  ppm,  the  shapes  of  particles  became 
irregular  and  the  size  decreased.  Additional  X-ray  diffraction  peaks  believed  to  be 
due  to  graphite  were  also  observed  as  the  B  concentration  was  increased  above  4(K) 
pp  n.  Details  of  the  surface  morphology  of  B  doped  diamond  films  are  published  in  a 
separate  article.]  17|  Similar  research  has  been  conducted  by  Y.  Sato  et.  al..|12| 


Figure  I.  Surface  Morphology  of  B  doped  diamond  films  on  an  AI2O3  substrate.  The 
B/C  ratio  in  gas  phase  was  400  ppm. 
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Laser  Raman  spectroscopy  was  used  to  investigate  the  crystal  quality  of  the  B 
doped  diamond  films.  The  diameter  of  the  laser  beam  was  100  pm  X  2  mm  and  the 
wave  length  used  was  5145  A.  Figure  2  shows  Raman  spectra  obtained  from  B 
doped  diamond  films  with  different  B  concentrations.  It  can  be  seen  that  the  Raman 
peak  increased  relative  to  the  intensity  of  the  sp2  peak  as  the  B  concentration 
increased.  Furthermore,  the  full  width  half  maximum  of  the  diamond  sp3  Raman  peak 
decreased.  This  indicates  that  doping  with  B  increases  the  quality  of  the  diamond 
films.  This  may  be  a  gas  species  effect  due  to  the  B2H6  or  may  be  a  surface  effect 
during  growth  caused  by  B  incorporation  at  the  growth  surface.  Although  speculation 
of  the  mechanism  is  possible,  more  experiments  are  necessary  before  any 
conclusions  can  be  made. 

The  Raman  peak  position  characteristic  of  diamond  was  located  at  1,337  cnr1  for 
the  undoped  diamond  films.  This  position  is  shifted  by  5  cm'1  from  the  same  peak  in 
most  natural  diamonds  which  occurs  at  1,332  cm1.  This  suggests  that  a  residual 
compressive  stress  is  present  in  the  fi!m.|18J  When  the  films  were  doped  with  B. 
the  peak  position  was  shifted  to  even  higher  wave  numbers  (=4  cm'1  at  400  ppm  of 
B)  than  for  undoped  diamond  films,  implying  that  B  doping  increases  the  residual 
compressive  stress  or  changes  the  domain  size  which  can  also  affect  the  peak 
position. 1 19) 


Unman  shift  (  an  I  ) 


Figure  2.  Raman  spectra  of  undoped  diamond  and  B  doped  diamond  films.  1,332  cur1 
peak  from  diamond  and  a  broad  peak  near  1,550  cnr1  caused  by  sp2 
components  are  observed.  Crystal  quality  appears  to  increase  with  doping 


SIMS  depth  profiles  (Fig. 3)  were  obtained  for  diamond  films  containing  different 
concentrations  of  boron.  The  apparatus  used  was  a  Cameca  Co.,  IMS  3F  instrument 
and  an  02+  beam  with  15  keV  was  used  as  the  primary  ion  source.  The  sputtered 
area  was  about  180  (im  X  180  pm  and  the  sampled  area  was  60  pm  in  diameter. 
Figure  3  shows  depth  profiles  of  B  doped  and  undoped  diamond  films.  These  profiles 
indicate  that  the  interface  between  the  AI2O3  substrates  and  the  diamond  films  is 
sharp,  thus,  interdiffusion  of  C  and  B  appears  to  be  minimal  at  the  growth  conditions 
employed.  It  can  be  seen  that  the  atomic  concentration  of  B  decreased  when  the 
B2H6  concentration  in  the  gas  phase  was  decreased. 

Figure  4  shows  the  relationship  between  atomic  concentration  of  B  in  the  film  and 
B  concentration  introduced  into  in  the  gas  phase  as  measured  by  mass  flow 
controllers.  The  atomic  concentration  of  B  decreases  when  the  B2H6  concentration  in 
the  gas  phase  decreases.  However,  the  B  concentration  in  the  film  is  greater  than 
the  B  concentration  in  the  gas  phase.  For  example,  the  atomic  concentration  of  B 
was  on  the  order  of  1020/cnv’  (i.e.  B/C  ratio  of  564  ppm  in  the  film)  for  a  B 
concentration  of  400  ppm  in  the  gas  phase.  This  actually  means  that  the  B/C  ratios 
in  the  film  are  higher  than  the  B/C  ratios  in  the  gas  phase. 


Depth  (pm) 


Figure  3.  SIMS  depth  profile  of  undoped  and  B  doped  diamond  films.  It  can  be 
observed  that  B  was  distributed  homogeneously  in  the  films. 


It  can  be  speculated  that  this  is  caused  by  the  difference  between  the  sticking 
coefficients  of  carbon  species  and  boron  species,  i.e.,  the  sticking  coefficient  of  boron 
is  larger  than  the  sticking  coefficient  of  carbon  at  the  growth  conditions  employed. 
(Note:  The  B  concentration  data  presented  in  this  manuscript  is  not  corrected  by  this 
difference  and  thus  refers  to  the  gas  phase  B  concentration.) 

Finally,  it  should  be  noted  that  B  was  observed  even  in  "undoped"  diamond  films 
at  an  approximate  concentration  of  5  X  10,7/cm3.  This  indicates  that  residual  B  in 
the  growth  chamber  was  incorporated  into  the  undoped  diamond  films.  Therefore,  the 
expression  "  undoped  diamond  films  "  is  not  accurate  in  present  case,  but  will  be 
retained  in  this  paper  for  convenience. 
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Atomic  B  concentrations  obtained  from  SIMS  data  versus  B  concentrations 
in  the  gas  phase  obtained  from  SIMS  data.  B  concentrations  in  the  gas 
phase  were  obtained  from  C  and  B  ratios  controlled  by  mass  flow  meters 
during  synthesis. 

3.2  ELECTRICAL  PROPERTIES  OF  DIAMOND  FILMS 

To  obtain  I-V  characteristics  of  the  films,  a  semiconductor  parameter  analyser 
(Hewlet  Packard  Co.  4 145 A)  was  used.  Figure  5  shows  I-V  characteristics  of  an 
undoped  diamond  film  with  Pt  electrodes.  Clear  rectifying  contacts  were  obtained 
and  leakage  current  was  40  nA  at  approximately  10  V.  From  the  direction  of  the 
reverse  current,  the  polarity  of  this  film  was  determined  to  be  p  type.  Some  contacts 
had  high  breakdown  voltages  near  100  V,  however,  the  current  did  not  rise  sharply 
as  is  expected  for  avalanche  breakdown  phenomena.!  1 6]  This  "soft  breakdown"  may 
be  caused  by  cunem  flow  through  grain  boundaries  and  defects  and/or  by  generation 
current.  It  should  be  noted  that  photoconductivity  was  observed  in  this  undoped 
sample  (Figure  6)  when  it  was  illuminated  with  white  light.  The  reverse  and 


U 

E 

o 

< 


Figure  4. 


Current  (nA)  f  Current  (jxA) 


si 


•  too  0  100 


Applied  Voltage  (V) 

re  5.  A  typical  I-V  characteristic  of  an  undoped  diamond  film  with  Pt  electrodes  at 
room  temperature.  Clear  rectifying  contacts  were  obtained  and  "soft 
breakdown"  was  observed. 
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Figure  6.  Photoconductivity  was  observed  for  the  undoped  diamond  film  in  white  light. 
Ratios  of  current  gain  of  photocurrent  to  the  dark  current  were  46  %  and  32 
%  at  4  V  for  reverse  and  forward  current,  respectively. 


S2 

forward  current  increased  by  =46  %  and  =32  %  ,  respectively,  at  4  V. 

Figure  7  show's  the  temperature  dependence  of  the  I-V  characteristics  from  room 
temperature  to  473  K  in  air.  When  the  temperature  was  increased,  the  leakage 
current  increased  and  rectification  disappeared  at  473  K  (i.e.  ohmic  behavior  was 
obtained  ).  This  effect  is  probably  due  to  the  presence  of  a  high  density  of  electrically 
active  defects  contributing  to  a  large  generation  current  at  higher  temperatures. 


Figure  7.  Temperature  dependence  of  the  I-V  characteristic  of  the  undoped  diamond 
films  with  Pt  electrodes.  It  can  be  observed  that  rectification  disappeared  at 
2(K)  °C  and  the  contact  showed  an  ohmic  behavior. 

Figure  8  shows  the  I-V  characteristics  of  a  400  ppm  B  doped  diamond  film  at 
various  temperatures.  In  all  cases,  relatively  straight  lines  are  observed,  indicating 
that  ideal  ohmic  behavior  is  achieved  between  -5  V  and  5  V.  This  ohmic  behavior  is 
believed  to  be  due  to  tunneling  through  a  thin  depletion  layer  caused  by  heavy 
doping.  When  the  absolute  value  of  the  applied  voltage  was  over  5  V.  the  I-V 
characteristics  deviated  slightly  from  ideal  ohmic  behavior,  however,  a  detailed  study 
of  this  phenomenon  has  not  been  completed. 

To  obtain  values  of  activation  energy,  resistivity  was  measured  as  a  function  of  a 
temperature  and  is  shown  in  Figure  9.  The  temperature  ranged  from  room 
temperature  to  673  K.  The  data  shows  that  when  temperature  increased,  resistivity 
decreased,  which  indicates  that  these  films  are  behaving  as  semiconductors. 
However,  from  these  data,  it  can  be  seen  that  a  straight  line  was  not  obtained,  thus, 
more  than  one  activation  energy  is  likely  to  be  present  for  the  charge  carriers  being 
measured.  Although  several  activation  energies  may  be  present,  for  simplicity,  only 
two  slopes  were  assumed  in  this  temperature  regime  as  indicated  in  the  figure.  The 
activation  energies  obtained  from  this  data  are  shown  as  a  function  of  B/C  ratios  in 
Figure  10.  When  the  B/C  ratios  increased,  activation  energies  decreased.  The 
maximum  activation  energy  obtained  was  0.16  eV  for  diamond  films  with  the  lowest 
B/C  ratio  of  40  ppm.  These  values  are  much  smaller  than  the  value  of  the  acceptor 
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Figure  8.  A  typical  I-V  characteristic  of  a  B  doped  diamond  film  with  Pt  electrodes  at 
room  temperature.  Ohmic  contacts  were  obtained. 
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Figure  9.  This  shows  the  temperature  dependence  of  resistivity  for  B  doped  diamond 
Films  from  room  temperature  to  400  °C.  B/C  ratios  were  400,  200,  40  ppm 
respectively. 
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level  of  B  impurities  in  bulk  diamond  as  determined  by  photo-absorption  (0.35 
eV).|6|  This  suggests  that  impurity  band  conduction  plays  an  important  role  in  the 
films,  causing  them  to  behave  as  heavily  doped  semiconductors. |20)  Such  small 
activation  energies  due  to  heavy  doping  have  also  been  observed  in  bulk  B  doped 
diamonds. J5),  (21].  Photoconductivity  was  not  observed  in  these  films  in  white  light 
which  supports  the  conclusions  that  these  films  are  heavily  doped  semiconductors. 

n/C  (|>pni) 


H2ll6  concentration  in  the  gas  phase  (  ppm  ) 

Figure  10.  Activation  energies  versus  reciprocal  temperature  for  B  doped  diamond 
films  were  obtained  from  the  higher  temperature  region  (•)  and  from 
the  lower  temperature  region  (o).  Activation  energies  became  larger 
when  doping  concentration  decreased.  This  trend  is  observed  for 
bulk  B  doped  diamonds.(5|,  1 2 1 ) 


4  Summaries 

B  doped  diamond  films  were  synthesized  by  microwave  plasma  CVD,  and  the 
crystal  quality  and  the  electrical  properties  were  investigated.  From  SEM,  clear 
facets  were  observed  and  X-ray  diffraction  data  showed  that  only  the  diamond  phase 
was  present.  Raman  spectroscopy  verified  the  presence  of  diamond  and  indicated 
that  the  crystal  quality  increased  when  B  is  incorporated  in  the  films  up  to  400  ppm. 
SIMS  analysis  showed  that  on  the  order  of  lO^/cm1  (564  ppm)  of  B  was  incorporated 
in  the  diamond  film  with  a  gas  phase  B/C  ratio  of  400  ppm.  Electrode  patterns  of  Pt 
were  fabricated  on  the  films  and  electrical  properties  were  investigated.  Undoped 
diamond  films  showed  rectifying  contacts  with  small  leakage  currents  and  B  doped 
diamond  films  with  a  B  concentration  of  400  ppm  showed  ohmic  behavior.  The  B  in 
these  films  had  small  activation  energies,  which  indicates  that  impurity  band 
conduction  plays  an  important  role. 
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ADVANTAGES  OF  DIAMOND 
FOR  MICROWAVE  POWER  GENERATION 

Diamond's  large  Bandgap  (Eg=5.4  eV)  allows  larger  operating 
voltages  and  higher  power  levels. 

The  small  dielectric  constant  reduces  capacitive  loading  in 
diamond  devices. 

Diamond's  high  thermal  conductivity  allows  operation  at  higher 
power  densities  than  other  semiconductors. 

The  saturated  carrier  velocities  of  electrons  in  diamond  (2.7 
times  that  of  GaAs)  make  it  a  faster  material  and  allow  diamond 
devices  to  operate  at  higher  frequencies. 


VELOCITY  vs  ELECTRIC  FIELD  FOR  DIAMOND 


90 


(D9S/UID)  AAID013A 


ELECTRIC  FIELD  (kV/cm) 


IMPATT  DIODE  POWER 
GENERATION 


97 


IMPact  Avalanche  and  Transit  Time  diodes  are  a  source  of 
prime  and  amplified  power  over  a  wide  frequency  range  (1-300 
GHz).  IMPATTs  generate  power  by  employing  two  process: 
the  generation  of  carriers  within  the  semiconductor  by 
avalanche  multiplication,  and  the  transport  of  these  carriers 
across  a  defined  distance,  within  the  device,  at  the  saturated 
drift  velocity.  These  two  processes  cause  the  external  current  to 
lag  behind  the  applied  voltage  and  thus  create  an  oscilation. 


Applied  Voltage 


time 


Avalanche  Current 


time 


External  Current 


Applied  Voltage  and  the  Resulting 
Avalanche  and  External  Currents 
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The  Simulation  Program 


The  large-signal  simulation  program  used  in  this  study  has  successfully  described 
the  operation  of  various  Si  and  GaAs  IMP  ATT  diodes.  This  is  a  device  physics 
model  using  carrier  transport  and  avalanche  ionization  equations.  The  transport 
processes  in  the  semiconductor  are  assumed  to  be  adequately  described  by  drift 
velocities  and  diffusion  coeffcients  that  are  functions  of  the  electric  field.  The 
impact  ionization  process  is  represented  by  ionization  coefficients  that  are  also 
functions  of  the  electric  field. 

The  model  accepts  data  about  the  diode  geometry  and  doping  profile,  and  then, 
using  appropriate  material  data,  it  produces  information  about  the  operating 
characteristics  of  the  diode.  The  equations  in  the  model  are  independent  of  the 
semiconductor  material  being  used.  Two  types  of  solutions  are  available  from  the 
program,  ac  and  dc.  A  dc  solution  is  provided  by  forcing  the  program  to  converge 
to  a  steady  state  with  no  ac  component  in  the  diode  voltage.  An  RF  voltage  is 
impressed  on  the  diode  to  provide  ac  solutions.  The  dc  solution  primarily  provides 
a  starting  point  for  subsequent  ac  solutions.  The  priciple  output  data  of  the 
simulation  are  the  diode  admittance,  efficiency,  operating  point,  and  power  output. 
The  carrier  concentrations,  current  densities,  electric  field,  and  gereration  rates  are 
available  throughout  the  RF  cycle.  This  data  is  used  to  produce  plots,  referred  to  as 
snapshots,  for  decrete  times  in  the  RF  cycle. 

No  computer  program  can  produce  output  data  of  higher  quality  than  the  input 
data,  so  the  material  data  used  by  the  program  is  as  important  as  the  model  itself. 
Transport  data  used  was  obtained  from  published  experimental  measurements  and 
from  Monte  Carlo  simulations.  Ionization  coefficients  were  determined  by  an 
analytical  equation  based  on  diamond  material  paramters  and  were  in  agreement 
with  experimental  results. 
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A-J  PLANE  ANALYSIS:  A  TECHNIQUE  FOR 
IMPATT  DIODE  OPTIMIZATION 


10  1 


o  o  o 


(  UI3)  B3jy 

z 


J(kA/cm ) 


Output  Power  for  GaAs,  Si,  InP 

and  Diamond  (C)  Diodes 

Numbers  represent  power  efficiency  (%) 


702 


o 

o 


o 


(M) 


O 

o 


Freq.(GHz) 


703 


CONCLUSIONS 


Diamond  IMPATTS  show  power  conversion  efficiency  similar  to  that  of 
conventional  semiconductors  (Si  and  GaAs)  from  35  through  94  GHZ. 

Due  to  the  higher  breakdown  voltages  and  thermal  conductivity,  diamond 
IMPATTs  are  able  to  produce  greater  power  than  other  semiconductors  at  the 
same  frequency. 

Large-signal  computer  simulations  show  that  diamond  IMPATTs  can  operate  at 
35  GHZ  with  8.26  W,  at  60  GHz  producing  3.40  W,  at  94  GHz  producing  1.51  W, 
and  at  220  G1  Iz  producing  54  mw  of  power. 
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PROBLEM:  To  investigate  the  large-signal  RF  and 
thermal  performance  of  diamond  power  MESFETs. 


APROACH:  Determine  the  RF  performance  of  op¬ 
timized  devices  at  X-band  and  compare  with  GaAs 
devices  using  the  NCSU  large  signal  MESFET  simu¬ 
lator. 
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Features  of  the  New  FET  Model 

•  It  is  physics  based  and  does  not  require  empirical  parameters. 
A  device  design  can  be  investigated  before  fabrication. 

•  It  is  a  true  large-signal,  non-linear  model. 

•  Deviations  from  channel  space-charge  neutrality  are 
included. 

•  The  2-dimensional  velocity  vector  is  included. 

•  The  ‘abrupt  depletion  approximation’  is  not  used. 

•  Thermal  effect  is  included. 

•  Various  materials  are  allowed. 

•  The  model  is  computationally  efficient. 
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THERMAL  RESISTANCE 
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d  =  diameter  (cm) 

Kho  =  thermal  conductivity  of  heat  sink  (W/°K-cm) 
k  =  thermal  conductivity  of  semiconductor  (W/°K-cm) 
Rpkg  —  thermal  resistance  of  package  and  bonding  (°K/W) 
lx  =  substrate  thickness  (cm) 

Tj  =  average  temp,  of  substrate  (°K) 

12  =  active  layer  thickness  (cm) 

T2  =  average  temp,  of  active  layer  (°K) 
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JUNCTION  TEMPERATURE 

Tj  =  300  +  0th(l-T!)VdcJdcA  (°K) 


Jdc  =  Bias  current  density  (A/cm2) 

A  =  Channel  area  (cm2) 

7)  =  RF  generation  efficiency 
Vdc  =  Bias  voltage  (V) 


•  Current:  /  oc  T~Q 

•  Mobility:  n  oc  T~a 

•  Saturation  velocity:  vs  oc  T~a 

Calculation  of  Temperature: 

T  =  T0  +  AT 
Where 

AT=QxPdcx(l-  77) 

Pdc  =  h{DC)  x  Vdd 
©  =  Thermal  resistance  ( °K/Watt ) 

77  =  Power  added  efficiency 
a  =  Temperature  dependence  coefficient 
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Large-signal  performance  (with  thermal  effect)  of  p-channel 
diamond  power  MESFET  at  10  GHz 
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CONCLUSIONS 


•  The  optimized  design  of  uniform  doped  p-channel  X- 
band  diamond  power  MESFET  has  been  investigated. 

•  A  p-channel  diamond  MESFET  offers  the  potential  to 
produce  devices  with  RF  output  power  greater  than  10 
W/inm  gate  width  (  or  18  W/unit  gate  width  )  with 
greater  than  40%  power-added  efficiency  at  10  GHz. 

•  The  high  thermal  conductivity  of  diamond  allows  high 
RF  output  power  before  thermal  effects  occur. 

•  The  high  breakdown  voltage  of  diamond  allows  large  in¬ 
put  RF  voltages  to  be  applied  before  saturation  occurs. 

•  The  large-signal  performance  of  a  p-channel  diamond 
power  MESFET  has  been  compared  to  an  n-channel 
GaAs  MESFET  at  10  GHz. 

•  Various  designs  of  p-channel  diamond  devices  have  been 
investigated  for  a  range  of  frequency  10  GHz  -  100  GHz. 

•  N-channel  diamond  MESFETs  have  improved  RF  per¬ 
formance  compared  to  comparable  p-channel  MESFETs. 
A  comparison  at  60  GHz  has  been  presented. 
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IX.  Collaboration  with  Other  SDIO  programs 

For  the  most  effective  use  of  SDIO/IST  funds  cooperation  and  collaboration  of 

SDIO  contractors  is  very  desirable.  NCSU  has  a  significant  history  of  past 

collaboration  with  other  diamond  programs  and  will  continue  this  spirit  in  the 

future.  For  example,  past  exchanges  have  included: 

Research  Triangle  Institute 

•  Professor  R.  J.  Nemanich  in  the  Department  of  Physics  at  NCSU  has  been  funded 
to  do  Raman  spectroscopy  for  various  groups,  most  notably  RTI. 

•  A  student  of  the  Materials  Science  and  Engineering  Department  at  NCSU  has 
spent  part  of  his  research  time  at  RTI  working  on  the  preparation  of  substrates. 

•  NCSU  has  provided  RTI  with  prepared  substrates  for  diamond  growth 
(including  monocrystalline  SiC)  and  with  diamond  samples  to  utilize  as 
standards  in  their  analysis  system. 

•  A  NCSU  student  has  spent  time  with  an  RTI  employee  teaching  him  TEM 
sample  preparation  techniques  for  diamond. 

•  RTI  and  NCSU  have  also  shared  information  on  the  design  of  substrate  heaters 
and  filaments  for  diamond  CVD  systems,  as  well  as  information  on  the  analysis 
of  diamond  and  diamond-like  films.  In  this  regard,  Dan  Vithavage  and  John 
Posthill  have  given  NCSU  personnel  much  advice  and  consultation  in  the  areas 
of  surface  analysis  and  TEM,  respectively. 

•  NCSU  provided  SIMS  and  TEM  analysis  of  RTI  films  in  the  early  stages  of  the 
diamond  program. 

Other  Groups 

•  A  NCSU  graduate  student  involved  in  the  design  and  construction  of  the 
microwave  CVD  system  spent  several  days  at  Penn  State  University  visiting 
Professor  R.  Messier's  group.  Valuable  information  was  gained  from  the  earlier 
experience  in  diamond  CVD  obtained  at  Penn  State. 

•  Another  NCSU  graduate  student  involved  in  the  hot  filament  CVD  system 
construction  received  advice  from  Professor  W.  Yarborough's  group  at  Penn 
State. 

•  Regular  contact  between  NCSU  and  Dr.  M.  Geis  of  Lincoln  Labs  has  been  very 
beneficial  for  the  NCSU  program,  especially  in  the  area  of  hot  filament  growth 
on  diamond  substrates. 

•  One  of  the  NCSU  P.I.'s  has  visited  Dr.  B.  Pate  of  Stanford  to  exchange 
information  and  provided  him  with  SiC  samples  for  comparison  with  diamond 
using  the  various  synchrotron  analytical  techniques  in  which  Dr.  Pate 
specializes. 
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•  A  diamond  sample  has  also  been  sent  to  Dr.  Ma  at  Brookhaven  National  Labs  for 
synchrotron  analysis.  Professor  Swanson  and  his  students  have  provided  N'CSU 
with  implantation. 

•  Along  with  these  specific  interactions,  numerous  informal  discussions  at  a 
variety  of  conferences  have  occurred  between  NCSU  investigators  and 
investigators  from  other  programs.  This  type  of  interaction  has  been  enhanced  by 
several  of  the  investigators  serving  as  members  on  the  same  conference 
committees  over  the  past  two  years. 

This  type  of  collaboration  will  continue  and  expand  in  the  future  during  the 
renewal  period.  For  example.  Professors  Glass  and  Messier  co-chaired  an  MRS 
diamond  symposium  in  the  Fall  of  1989  and  again  with  Dr.  Butler  (NRL),  a  JXDF 
diamond  conference  in  1990.  Furthermore,  Professors  Davis  and  Glass  of  NCSU  are 
co-editors  of  a  book  which  will  include  contributions  from  several  other  SDIO/ONR 
sponsored  program  leaders.  More  specifically,  future  collaborations  will  include 
providing  diamond  samples  to  Aerodyne's  ONR  sponsored  research  into  the 
fluorination  of  diamond  surfaces.  A  NCSU  student  w’ill  continue  to  work  part  time 
in  RTI's  laboratory  in  the  area  of  substrate  preparation.  It  is  also  proposed  that 
NCSU's  electrical  engineering  phase  of  the  diamond  program  will  provide  device 
parameters  obtained  from  their  modeling  research  (i.e.,  doping  levels,  device 
dimensions,  etc.)  to  other  SDIO/ONR  programs  to  allow  fabrication  of  optimum 
devices.  Mask  designs  for  these  devices  will  also  be  shared.  Film  property  data  such 
as  saturated  drift  velocity  will  also  be  available  for  other  programs  to  utilize.  It  is 
also  proposed  that  Penn  State  and  NCSU  researchers  visit  each  other's  facilities  one 
to  two  times  per  year  to  discuss  various  aspects  of  the  diamond  programs.  It  is 
envisioned  that  each  visit  would  concentrate  on  a  different  aspect  such  as 
microwave  plasma  growth,  electrical  properties,  etc.  Graduate  students  conducting 
research  in  these  programs  would  be  involved  in  these  visits  which  have  already 
been  discussed  by  Professors  Messier  and  Glass.  Professor  Nemanich  of  NCSU  will 
continue  to  work  with  RTI  and  is,  in  fact,  a  subcontractor  on  the  new  RTI  contract 
and  will  also  continue  to  receive  funding  from  and  work  with  other  NCSU 
researchers.  Professor  Bernholc  (NCSU)  will  provide  advice  on  dopant  species  and 
unique  growth  species,  which  his  calculations  find  promising,  for  the  CVD 
deposition  research.  The  technical  feasibility  of  a  collaboration  with  K.  Spear  and  M. 
Frenklach  on  the  TEM  of  diamond  particles  is  also  under  investigation. 

Available  NCSU  Facilities 

•  Materials  Analysis  (TEM,  AES,  XPS,  etc.) 

•  Microwave  and  Hot  Filament  CVD 

•  Device  Modeling 

•  Photolithography 
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